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ABSTRACT
The current investigation focused on the development of intelligent injection
molding and resin transfer molding processes based on the integration of process modeling
information, in-situ product quality sensing, and real-time process control. During the
phase of the investigation covered by the present report, emphasis was placed on the
development of a mold-filling sensing subsystem to be used for intelligent manufacturing.
The progression of a flow front into a mold cavity is crucial since it dictates the locations
of possible entrapped gases and weld lines. Therefore, the sensing scheme which was
developed, is based on the usage of embedded electronic sensors to provide for the real-
time monitoring of resin front progression during molding. Non-intersecting electrically
.
conductive wires were orthogonally i) embedded within a mold cavity; for relatively slow
injection molding (IM) processes or ii) inserted into reinforcement preforms; for resin
transfer molding (RTM) processes. Electronic circuits were developed to sense multiple
real-time flow locations within the mold cavity through the use of fast hardware and
software signal processing components. The resultant sensing methodology was verified
experimentally for both one-dimensional (1-0) and two-dimensional (2-D) injection
molding and resin transfer molding cases. In the injection molding case, the technique
was evaluated at various flow rates for different sensing grid sizes. According to this
study, the system performance was found to improve with i) increasing sensing grid size
and ii) decreasing flow rates. In the case of RTM, a 1-0 parametric study was initially
performed to determine the set of processing conditions for which this sensing
methodology was optimized. Based on this optimization process, this technique was
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similarly tested for a two-dimensional RTM case. Once again, this sensing technique
proved to effectively monitor the dynamics of resin flow during real-time RTM processes.
Positive and negative aspects associated with this technique were identified and properly
addressed during this investigation. Overall, the coupling of this methodology with a
control unit represents a promising tool for the realization of a fully intelligent molding
capability. Ongoing efforts to couple the usage of sensing and control units are underway.
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CHAPTER 1
INTRODUCTION
The competitive world of plastics and composite manufacturing has been
experiencing many technological changes in response to the development of new
materials, more advanced product designs, and the increasing demand for higher product
quality at lower cost. Collectively, these developments have given rise to the need for new
and more effective manufacturing methods and strategies. The state-of-the-art techniques
for process development have significant shortcomings, mostly associated with the costly
and time consuming traditional manufacturing strategies commonly used to achieve
product quality. New manufacturing strategies need to be developed in order to reduce
the cost and the time involved from product conception to product delivery and add
flexibility and robustness to the system.
1.1 State-of-The-Art Process Development
Today's manufacturing floors are still struggling for new ways to deal with
uncertainties that exist during production. Manufacturing organizations are being forced
to yield quality products while being challenged to survive on smaller budgets in the
presence of increasing competition and at the same time adhere to increasingly stringent
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safety and environmental regulations. The commonly used trial and error procedure for
process development is beginning to show its deficiency in guaranteeing product quality
economically for short process cycles involving novel designs and new materials. In
addition, the lack of experiential knowledge and reliable knowledge based control tools for
new products is in many cases stagnating manufacturing systems. Improved process
development methods are required to tackle these problems. A diagrammatic
representation of the current state-of-the-art process development utilized by many
organizations is provided in Figure 1.1.1.
Delivery to Market: Small lot size
Manufacturing Scale-up: Large lot size
Figure 1.1.1: Current State-of-the-Art Process Development Scheme
This process development scenario is primarily responsible for realizing quality
production economically and efficiently. Products need to be fabricated so as to satisfy all
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materials, cost, and functionality specifications defined in the process design phase of
manufacturing. The first task is to select a manufacturing process with which to attempt
the fabrication for a given product design (i.e., injection molding, casting, resin transfer
molding, etc.). It is best when this is done during the design process. Once a fabrication
process is selected, the next step is to define a set of temporal processing conditions with
which to initiate the production process based on experiential knowledge, existing
simulation process models, knowledge based control tools, and/or hypothetical reasoning.
The part is fabricated and later subjected to multiple inspection tests in which the most
significant attributes are measured and compared against the predefined product
specifications. If the product fails to meet these specifications, a new part is fabricated
using a modified set of processing conditions. The product attributes of this new part are
then measured and compared against the given specifications. This iterative loop
procedure continues until a part with the desired quality is obtained.
Process optimization through trial and error is not always reliable, and can very
often lead to costly and time consuming procedures that may never be successful. In some
cases, this trial-~d-error approach is replaced by the design of experiments method in
which an optimal combination of processing conditions is obtained to manufacture a part
reliably. In this case, the design of experiments method utilizes an analytical method to
compare a combination of processing conditions, and thus determine the most optimal
combination of processing conditions with which to attempt the fabrication of a specific
type of product design. The product attributes are of course measured and analyzed for
~\
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optimization purposes. This method is not, however, very flexible since i) the resultant
optimum processing conditions can only apply to a specific product design and ii) the
fabrication process needs to be restarted in order to manufacture a part under optimal
processing conditions for delivery. Even though these methods may be helpful from time
to time, there is no guarantee of success. Therefore, more reliable and flexible strategies
need to be developed in order to improve current manufacturing capabilities.
1.2 Improved Process Development Cycle
In response to the needs discussed in the previous section, engineers and scientists
have developed the concept of intelligent manufacturing which for the purposes of this
report will be defined as manufacturing with continuous optimization of product quality
through the monitoring and control of processing conditions in real-time. A schematic
representation of the intelligent manufacturing concept proposed in this investigation is
provided in Figure 1.2.1. This intelligent manufacturing scheme represents a potential
improved process cycle development scenario incorporating in-situ product quality
monitoring and process condition adjustment during production..
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Economically Manufactured
Quality Product
Figure 1.2.1: Improved Process Development Scenario.
While intelligent manufacturing is a generic concept, the present study was
focused specifically on polymer molding processes. For such processes, the realization of
intelligent processing requires that both knowledge-based process condition modification
and product quality monitoring subsystems first be developed. Process condition
modification tools can be based on either experiential knowledge or knowledge obtained
from process models. While such tools were investigated as part of a current
interdisciplinary group effort (Coulter et al., 1993; Demirci and Coulter, 1993; Demirci,
1994; Demirci and Coulter, 1994a, 1994b, 1994c, 1994d, 1994e; and Demirci et al.,
1994), they are not the subject of this particular work. The present investigation
introduces a new concept that has the potential to improve the decision-making process
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through the use of a real-time embedded electronic sensor subsystem for the monitoring of
resin flow dynamics during molding processes such as resin transfer molding (RTM) and
injection molding (1M). Prior to presenting the sensing subsystem developed in this
investigation, a brief introduction to polymers and the molding processes targeted is
appropriate.
1.3 Polymers and Polymer Matrix Composites
1.3.1 Polymers
Historically, the word plastics was derived from the Greek word "plastikos" which
describes a material that can be formed, shaped or molded. This definition may be
confusing at times since metals and ceramics, for instance, can also be molded into
different shapes. In addition, there are some other materials called plastics, such as
finishes and adhesives that are not molded at all. A more suitable definition for a plastic,
or more appropriately, a polymer, is a large molecule organic compound which can be
easily shaped into desirable forms through the proper application of heat and pressure.
Polymers are long molecular chains made up of many small units, called
monomers. A monomer is an organic molecule containing a combination of oxygen,
hydrogen, nitrogen, silicon, chlorine, fluorine and/or sulfur, depending on the monomer
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type and fonnulation. Polymers are chemically formed through the cross linking and
linking of different monomers in the presence of heat, light, agitation, and/or pressure.
The level of polymerization resulting from the chemical reaction of monomers can
influence the mechanical, physical and chemical properties of the resulting plastic. Two
main categories of plastics often result from the polymerization process, namely,
thermoplastics and thermosets. Thennoplastics can be further classified into three
divisions depending on their structure, namely, crystalline, amorphous, and liquid
crystalline. Other categories of plastics include elastomers, compounds, and copolymers.
Thennoplastics are chemically reversible materials (i.e., they can be softened
repeatedly when heat is applied and regain rigidity at low temperatures). Thennoplastics
are also known for their low thennal and electrical conductivity properties, high coefficient
of thermal expansion, and low specific gravity. Even though these materials are
reversible, their properties can, however, deteriorate with repeated processing and degrade
rapidly in the presence of excessive heating and/or radiation. Typical types and
applications of thermoplastics are provided in Table 1.3.1.1
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Table 1.3.1.1: Types of Thermoplastics and Applications.
Telephone cases, sport helmets, housing power tools
Laboratory hardware, food processing equipment,
lenses, 0 les
Pipe fittings, knobs, camera cases, handles
Bearing, bushings, gears
Thermosetting plastics, on the other hand, are chemically irreversible materials
once they are cured and are known to result from the extensive cross linking of polymer
chains. Because of their molecular nature, these materials are known for their strength
and hardness and can also degrade and/or burn up during prolonged heating cycles.
Thermoplastics, however, have lower strength and hardness levels but higher toughness
properties than thermosetting plastics. Thermosets have, in general, better mechanical
thermal and chemical properties, and electrical resistance than do thermoplastics. Typical
examples of thermosetting plastics and their applications are provided in Table 1.3.1.2.
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Table 1.3.1.2: Thermosetting Plastics and Applications
--Alkyds Insulation in electrical and electronic components
Arninos Countertops, appliance housinJ!:s, handles
Epoxies Adhesives, hiJ!:h insulation, tools and dies
Silicones Gaskets, heat seals, waterproof materials
Polyimides Aerospace parts, high strength-impact resistance structures,
sports equipment, safety vests.
Polyesters Boats, chairs, swimming pools, automotive bodies, luggage.
(reinforced with
glass or other
fiber)
1.3.2 Reinforced Plastics
The discovery and subsequent improvement of composite materials has led to
significant advances in industrial, space and recreational products, military systems,
commercial aircraft, and ground transportation, to name a few. The mechanical properties
of plastics (i.e., strength, stiffness, creep resistance, strength-to-weight and stiffness-to-
weight ratios, etc.) are now improved through the use of embedded reinforcements (i.e.,
glass, graphite fibers, aramids, boron, etc.) to form reinforced plastics. In general, the
properties of polymer matrix composites depend on the shape; type, and orientation of the
reinforcement material, volume fraction of the reinforcement material, and the length of
fibers. The mechanical and physical properties of composites can, in fact, be optimized
through proper alignment of fibers, strong fiber-matrix bonding, proper selection of fiber
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type and material, and many other factors such as volume fraction, aspect ratio, polymeric
matrix type, etc. The resulting properties are generally higher toughness, higher strength
levels, and more resistance to crack propagation. Typical applications include military and
commercial aircraft, helicopter blades, pressure vessels, sporting goods, automotive
bodies, helmets, boats, pipes, drive shafts, etc.
1.4 Molding Processes
Even though the processing and handling of polymers and composites is similar,
t
special provisions are considered in each case. The most common methods used to
manufacture plastics and composite materials are briefly introduced in this section.
1.4.1 Polymers
Typical processes used to manufacture plastic products include injection molding,
compression molding, transfer molding, extrusion, rotational molding, blow molding,
thermoforming, casting, and foam molding. The processing of polymers is, in general,
very similar to that for metals. They can be machined, cast, formed, joined, etc. But
because of the nature of thermoplastics and thermosets, these classes of plastics need to be
treated differently during processing.
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The initial treatme,nt of thermoplastics and thermoset is similar, as both soften
during initial heating. The ductile stage of thermosetting plastics, however, is of limited
duration, since they react chemically and irreversibly at elevated temperatures.
Thermoplastics, on the other hand, can hold their ductility for longer periods of time with
little or no chemical reaction at all. A summary of plastic processing techniques is
provided in Table 1.4.1.1.
Table 1.4.1.1: Summary of Forming and Shaping Processes For Thermoplastic and
Thermosetting Plastics.
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Thermoplastic 1) Extrusion, thermoforming (Sheets), blow
molding (tubes).
2) Injection Molding
3) Rotational Molding
4) Structural foam molding
5) Compression molding
6) Castin~, foam castin~
Thermoplastic
matrix
composites
Thermosets
Thermoset
matrix
composites
1) Fiber-reinforced sheet, laminated sheet
2) Vacuum bag, pressure bag forming, hand lay-
up, spray lay-up.
3) Filament winding
4) Pultrusion
1) Injection Molding
2) Structural Foam Molding
3) Compression molding
4) Transfer Molding
5) Castin~, foam castin~
1) Fiber-reinforced sheet, laminated sheet
2) Vacuum bag, pressure bag forming, hand lay-
up, spray lay-up.
3) Filament winding
4) Pultrusion
5) Reaction iniection molding
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1.4.2 Composite Materials
Many of the methods used to manufacture plastics can also be used to fabricate
reinforced plastics (i.e., injection molding, compression molding, and transfer molding),
however, because of their unique structure, (i.e" presence of more than one type of
material: reinforcement and polymer matrix) special provisions need to be considered
when shaping these materials into useful products. Important factors in fabricating
composite parts are the type and orientation of the fibers, and the strength of the bonding
between the reinforcement and the matrix. Fibers are generally impregnated and coated
with the polymer before fabricating the part to provide better and stronger bonding
between the reinforcement and the matrix and thus avoid fiber pull out and delamination.
The reinforcement can be in the form of chopped fibers, woven fabric, roving, or
continuous long fibers depending on the application, performance requirements, and the
manufacturing methods available. The polymeric matrix, on the other hand, can be either
thermoplastic or thermosetting, depending on the processing technique and product
application. Thermosets are, however, more commonly used than thermoplastics.
The choice of process used to manufacture composites is generally governed by
many factors, including the polymeric matrix and reinforcement material, types, and the
desired product application, quantity, size, tolerances, and thickness. The actual
processing of composites can range from being very simple, fast, and inexpensive to very
difficult, slow, and expensive. The fabricating techniques include various molding
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processes such as hand lay up, spray up, pressure bag, vacuum bag, autoclave, pressure
bag molding, foam reservoir molding, compression molding, resin transfer molding
(RTM), thermal expansion RTM (TERTM), high speed RTM, reaction injection molding
(RIM), structural RIM (SRIM), stamping, filament winding, pultrusion, and vacuum
assisted resin injection.
1.5 Target Manufacturing Processes
The current investigation was focused on the development of a real-time sensing
subsystem for the monitoring of flow dynamics during injection molding and resin transfer
molding processes. Therefore, a brief introduction to these target processes is provided in
this section.
1.5.1 Injection Molding Processes
Injection molding is one of the most common processes used to manufacture
plastic products because it is a high rate production process that can handle complex
shapes and provide good dimensional accuracy. The injection molding basically consists
of the injection of a heated-softened plastic into a mold cavity where it is shaped upon
cooling and/or curing. A schematic representation of this process is illustrated in Figure
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1.5.1.1. Both thermoplastics and thermosets can be manufactured using this technique,
but, different processing conditions are required for each case.
Hop~r
o
o
Mold -_s---r-....,
Mold Cavity
MoldCavitReciprocating
extruding barrel
Section
Pumps
Figure 1.5.1.1: Cross Sectional View of Injection Molding Process
The injection molding process for thennoplastics starts when a polymer, in the
form of pellets or powder, is placed into the hopper. This material is fed into the
reciprocating extruding barrel section in which a screw conveyor compresses and mixes
the material until a homogenized melt is obtained. The melt temperatures can vary from
660 C to 2040 C (150oF to 400°F) depending on the material utilized. The pressure
generated in the barrel during mixing usually ranges from 0.35-2.07 MPa (50 to 300 psi).
The melt is then injected, at high pressure, ranging from 70 MPa (10,000 psi) up to 200
MPa (30,000 psi), into a mold cavity through a nozzle. The part is cooled and later
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ejected. Typical thennoplastic products obtained through this technique are containers,
cups, housings, toys, plumbing fittings, and knobs. Thennoplastics are generally preferred
over thennosets because of their high ductility properties and ease of processing.
However, thennosets can also be processed through this technique. Thennoset injection
molding occurs when a resin is injected into a mold cavity where it is subjected to a
prolonged heating cycle where polymerization and cross-linking take place. The part is
ejected after curing and no cooling process is required.
The quality of the final part depends on the mold design and the successful
monitoring and control of temporal processing conditions during this process. The
processing variables that are important and could pemaps be monitored and controlled
include the material injection rate, the cooling and solidification time, the back pressure on
the extruder screw, the melt pressure levels prior to entering the mold cavity, the
temperature changes in the mold cavity, and others temperature changes resulting from
screw frictional heat in the extruding barrel. Other important variables include curing or
solidification rate, the extent and location of air entrapments and weld lines, and warpage
effects (i.e., resulting from multidirectional and inconsistent molecular orientation).
There are other types of molding processes which fall in the injection molding
category. Among these, reaction injection molding (RIM), liquid injection molding, gas
injection molding, co-injection molding, fusible core injection molding, and push-pull
injection molding are included.
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The reaction injection molding process (RIM) is based on the chemical cross
linking reaction between two or more reactive components in a closed mold cavity at low
pressures. Thermosets are preferred for this technique because their molecular network is
more susceptible to react and set chemically with other components at low pressures. The
curing process is fast, therefore only a few seconds are generally required to manufacture
parts with this process. The addition of a second component lowers the cost involved with
the material and also offers the ability to enhance the properties. This process is
commonly used tQ manufacture large and thick parts in the automotive industry. Liquid
injection molding (LIM) is very similar to RIM, but, involves even lower pressure
processing conditions, faster cycles, and in general lower labor cost.
The fusible-core molding technique is very similar to injection molding, but in this
case a fusible core is used inside a plastic part to produce simple or complex hollow
shapes. Typical product manufactured through this method are tennis racquets and
automobile engine intake manifolds. The gas injection molding technique is very similar
to injection molding with the addition of an inert gas. In this case, nitrogen is usually
injected into the melt entering the mold cavity. The high pressure associated with such
gas tends to push the material against the mold cavity as it cools. This technique is, in
general, i) economical when used to produce large parts, ii) requires less tonnage to mold
parts, and iii) produces rigid, thick, and hollow parts with very little stress. The co-
injection molding method is based on the lamination of two or more plastic materials
inside a mold cavity. Each plastic material is separately injected into the mold cavity
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through individual hopper and extruder screw sections. This technique allows the use of
low cost plastics, provides decorative thin surfaces, includes reinforcements, and
combines the performance of multiple materials single parts. Many multicomponent parts
such as automotive taillights. containers and others are fabricated through this technique.
The push-pull injection molding process is similar to injection molding, but, a mold
containing two gates is used. During this process, the"polymer is repeatedly forced back
and forth in the mold using cyclic pressure at the two gates. As this process progresses,
thin coatings end up building against the mold cavity until curing occurs.
1.5.2 Resin Transfer Molding Processes
The resin transfer molding process is a closed mold process which involves the
impregnation of a dry reinforcement preform placed within a mold cavity through the
transferring of a liquid resin into the mold. This process usually takes place at relatively
low pressures. The main steps in resin transfer molding (RTM) include: 1) the preform
preparation and loading into the mold, 2) preform impregnation with a thermoset resin,
and 3) resin cure. The mold filling process starts when a two-component resin system
(Le., mixture of resin and catalyst, resin and hardener, etc.) is pumped into the mold cavity
containing the dry reinforcement preform. As the resin advances through the
reinforcement, air is displaced towards the end of the mold which creates an increase of
back pressure. Air vents are generally located in the back section of the mold to avoid air
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entrapment and back pressure build-up. When the mold is completely filled, both vent and
inlet port sections are closed to initiate the heating and curing process. The basic RTM
system includes a resin feeding system consisting of a resin supply, a valve, and a positive
displacement pump connected to the inlet of a mold containing air vent ports and a dry
reinforcement material, as shown in Figure 1.5.2.1. Because the fabrication of composite
parts occurs at relatively low injection pressures, inexpensive tools are usually required,
therefore this process can offer potential for cost effective fabrication of medium to large
sized composite parts.
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Figure 1.5.2.1: Resin Transfer Molding Process Components
Lower styrene emissions are generally achieved with this process since the
processing operation takes place in a closed mold. Processes like spray up and hand lay
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Figure 1.5.2.1: Resin Transfer Molding Process Components
Lower styrene emissions are generally achieved with this process SInce the
processing operation takes place in a closed mold. Processes like spray up and hand lay
21
up, on the other hand, tend to release large amounts of styrene gases into the atmosphere,
polluting the environment. Also, RTM involves shorter production times than the spray up
molding method (0.5 part/hour with spray up, 2-8 parts!hr with RTM) and lower tooling
cost when compared to injection molding tooling. The tooling cost for RTM can be 2 to
25% of the tooling cost involved with injection molding. Two finished surfaces can also
be obtained with this technique. The surface finish texture can be quite smooth and
provide close dimensional tolerances if proper clamping is applied. Additionally, special
surface treatment can be achieved through the application of gel coating on the tool
surfaces for finer surface appearance and finish. Today, RTM is widely used to
manufacture automotive body panels, propellers, wind blades, swimming pool panels,
chemical storage tanks, chairs, and many other products.
There are other processing techniques with operating principles similar to RTM.
These processes, therefore, fall into the RTM processing category. They are known as :
thermal expansion resin transfer molding (in which a foam core material is placed in
conjunction with a dry preform in the mold cavity), ( Ware, 1985; Coulter and Guceri,
1988); high speed resin transfer molding (characterized by higher molding pressures),
(Johnson et al., 1987); and vacuum assisted resin transfer molding (in which a vacuum is
used to eliminate air entrapments during mold filling), (Coulter and Guceri, 1988).
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1.6 Research Objective
The realization of the intelligent manufacturing scenano has the potential to
guarantee product quality economically through the integration of three sub-components:
an in-situ product quality monitoring tool, a knowledge based control tool, and a reliable
process model, as depicted in Figure 1.6.1. The purpose of the present study was to
develop a real-time product quality monitoring subsystem applicable to molding processes
such as injection molding and resin transfer molding processes. The development of such
a subsystem included the incorporation of fast software and hardware signal processing
components to the orthogonal embedded electronic sensor concept initially introduce by
Walsh (1990. 1993). Walsh and Charmchi (1993), DeSchepper and Walsh (1994), and
later modified by Kikuchi (1993) and Kikuchi et aI.. (1994).
Figure 1.6.1: Intelligent Manufacturing Components
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1.7 Thesis Structure
A review on sensing methodologies applicable to molding processes is the focus of
Chapter 2. This sensing review is followed by Chapter 3 which provides a detailed
discussion on the operating and structural principles involved in the embedded electronic
sensor subsystem and the new concept developments introduced i) to improve signal
processing during sensing, and thus ii) to allow the realization of a real-time sensing
subsystem. A detailed description of the operational principles and the signal processing
structure involved in the real-time embedded electronic sensing subsystem are provided in
Chapter 4. The mathematical background of embedded electronic sensors is also included
in this chapter. A review of the principles associated with a personal computer-based data
acquisition subsystem and their relevance to the current study are presented in Chapter 5.
This Chapter also provides the fundamentals behind real-time signal processing and signal
conditionirig situations. The developed sensing technique was experimentally tested for
one- and two-dimensional injection molding and resin transfer molding cases. The
injection molding experimental apparatus and testing procedures used for the verification
of this sensing technique is included in Chapter 6 for both 1-0 and 2-0 cases. The
experimental results obtained during injection molding are presented and discussed in
Chapter 7. The real-time sensing fundamentals considered for the proof-of-concept and
the optimization process of sensing during a one-dimensional resin transfer molding
parametric study are provided in Chapter 8. The experimental details and testing
procedures used during a 1-0 and 2-D RTM cases are also considered in Chapter 8. The
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experimental results obtained during resin transfer molding are provided and discussed in
Chapter 9. The thesis closes with Chapter 10 which presents a summary and conclusions
of the present investigation as well as recommendations for future research directions.
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CHAPTER 2
BACKGROUND AND LITERATURE SEARCH
Since the focus of this investigation was based on the development of a real-time
sensing subsystem for the monitoring of flow progression during molding processes, the
following sections provide a review on a) the need for sensing methodologies during
molding processes, b) types of sensing methodologies, c) the most significant
improvements obtained in the area of sensing technology for the monitoring of flow
conditions, and lastly d) the current problem specification.
2.1 Need For Sensing Methodologies In Manufacturing
While a great deal of science and engineering research work has been done in the
past to understand the fundamental physical behavior of materials during processing, no
reliable manufacturing systems have been yet developed to: 1) predict the optimum set of
processing conditions with which to produce high quality products economically in
reasonably short processing cycles, 2) provide for the on-line adjustment of processing
conditions to steer towards the desired product quality, and 3) monitor temporal flow
conditions in real-time situations, as a whole. The intelligent manufacturing scenario,
previously described in Chapter 1 represents a potential improved process cycle
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development scenario incorporating in-situ product quality monitoring and process
condition adjustment during production. The incorporation of sensing technology to
manufacturing processes has the potential to monitor the material temporal processing
conditions and feedback this information to a knowledge-based control tool to allow for
process adjustments during production. Sensor subsystems can be used to determine
important processing variables such as temperature distribution, pressure distribution,
change of viscosity and/or material degree of cure, flow front progression, molecular
activity, etc.
2.2 Types ofSensing Methodology.
The sensing technology available for molding processes is classified into two
classes, distributed and point sensors. Distributive sensors can sense at multiple locations
while point sensors can only monitor the information available at the sensor location.
There are also two approaches for the utilization of sensors depending on their spatial
location relative to the mold, namely embedded and non-embedded.
In the embedded approach the sensors can be either built into the mold or
positioned inside the mold cavity. Among these, pressure transducers, dielectric sensors,
frequency dependent electromagnetic sensors (FDEMS), fiber optic sensors,
thermocouple sensors, and the orthogonal electronic sensing grid are included. Embedded
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sensors have been primarily used to monitor flow processing conditions such as viscosity
and/or degree of cure, flow progression, and temperature and pressure distribution.
Non-embedded approaches utilizes sensors that are located outside the physical
mold structure. In this category laser ultrasonic sensors, photovoltaic/photoelectric
sensors, pressure transducers, and video camera/camera have been used to monitor flow
conditions such as flow progression, material degree of cure or viscosity, flow front
velocity, flow progression, pressure distribution, etc. Non-embedded approaches have
also been used to validate molding process models. Pressure transducers have been
primarily used to determine the permeability constants associated with fibrous
reinforcements in RTM processes.
2.3 Previous Molding Process Monitoring Investigations
2.3.1 Embedded Monitoring
On several occasions, molding processes have been, to some degree, monitored
using embedded pressure transducers. Pressure sensors have been used to determine both
temporal flow front locations and pressure profiles during molding. In the case of resin
transfer molding operations, pressure profiles have, on occasion, been utilized for the
determination of permeability constants associated with embedded fibrous reinforcements
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(Gauvin et al., 1987; Gauvin and Chibani, 1990). Also, pressure sensors have been used
to verify flow models (Hasko et al., 1994).
Another sensor class that has been used to monitor molding processes is dielectric
sensors. These sensors take advantage of the resin dielectric properties which change as a
function of viscosity and/or degree of cure. Resin capacitance changes are related to
changes in stored electrical charge in the material during processing. Therefore, dielectric
sensors have been used to monitor flow, viscosity, and cure processes via measured local
changes in resin capacitance by Kranbuehl et al., (1986a, 1986b, 1987); Abrams (1994);
Milovich (1994); and Hasko et al., (1994).
Another class of sensors that has been applied to molding processes is frequency
dependent electromagnetic sensors (FOEMS). FOEMS microsensors have been used to
monitor the molecular activity of the flow in terms of changes in the resin electrical
capacitance, conductance, dipolar relaxation time and permittivity. The FOEMS
technique involves the measurement of both the conductance and capacitance of resin,
which are subsequently used to calculate complex permittivity. The resin complex
permittivity is then used to determine the resin ionic mobility or conductivity as well as the
resin dipolar relaxation time. These last two parameters are related to the viscosity,
reaction rate, and degree of cure at a given time and location within a mold. Flow front
progression, viscosity, and degree of cure have been monitored with FOEMS sensors by
noting when initial and dramatic changes in material conductivity occur (Kranbuehl et al.,
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1988, 1989a, 1989b, 1990; Kranbuehl, 1990; Kranbuehl, 1991; Kranbuehl et aI., 1991a,
1991b, 1992; Hart et al., 1992; Kranbuehl, 1993; Kranbueh1 et al., 1993; Kranbueh1 et al.,
1994a, 1994b; Loos et al., 1994). More specifically, FDEMS sensors can monitor the
viscosity and the degree of cure through the changes observed in the rate of translational
motion of ions and rotational motion of dipoles through frequency dependent complex
impedance measurements. These sensors have also been used to monitor the effects of
environmental conditions such as temperature and humidity as well as coating formulation
differences due to pigments on the cure process through the changes in the material
conductivity (Kranbuehl and Hart, 1993). Such sensors have also been used along with a
model to create an intelligent closed-loop expert control system for the high performance
polymide PMR-15 to optimize and control the cure process of fresh and aged PMR-15
prepeg (Kranbuehl et al., 1993) and for the automated control of the resin transfer molding
process to monitor and control the processing properties of the epoxy resin during
impregnation and cure (Kranbuehl et aI., 1994). In this case, both the viscosity and the
degree of cure of the epoxy resin are monitored through these sensors.
Fiber optic sensors have been used by Boldizar and Jacobsson (1988) to monitor
temperature, strain, pressure, and many other environment parameters for high-pressure
injection-molded high density Polyethylene. Jensen et al., (1992) used embedded fiber-
optic sensors to measure strain in composites and to investigate the mechanical effects
introduced by such sensors. Madsen et al., (1993) used embedded fiber-optic sensors to
measure the strain between an optical fiber and a host matrix. Ferrer et al, (1993) studied
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the effects of curing process on the manufacture of carbon/epoxy laminates with
embedded optical fibers. In this case optical fibers were used to detect damage in the
laminate through the variation of transmitted light. Tapanes and Rossiter (1993) used
embedded fiber optics bonded with metallic structures in graphite/epoxy composite
coupons to perform strain, vibrations and structural resonance measurements. Srinivassan
et al., (1994) also used this sensing technique to monitor phase separation, vitrification,
density, and temperature conditions through chemical and physical changes obtained in a
thermosetting resin during processing. The use of this technique is free from
electromagnetic interference and versatile since the optical beam is characterized by a
large number of parameters, such as intensity, wavelength, spectrum, phase, and
polarization. In general, the implementation of this technique to real-time molding
situations may be costly, and therefore difficult to develop.
Thermocouple sensors, along with dielectric sensors have been used to monitor
and control temperature distribution and cure cycles through a qualitative process
automation language (QPAL) system during the phenolic/graphite processing (Abrams,
1994). This knowledge base tool along with such sensors has demonstrated to improve
the cure cycle time, the rejection rate, and the processable thickness during of
phenolic/graphite composites. Hasko et al., (1994) have also used temperature sensors to
verify flow models.
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A final type of embedded sensing applicable to molding processes has been
proposed and initially investigated by Walsh at the U.S. Army Materials Technology
Laboratory (Walsh, 1990, 1993; Walsh and Charmchi, 1993; DeShepper and Walsh,
1994). This technique is based on the positioning of an electrically conductive grid within
mold cavities and the subsequent monitoring of resistance and capacitance changes which
result as mold filling progresses and/or resin rheological changes occur. Because Walsh's
study involved the placement of conductive wires within non conductive fibrous preforms,
he refers to this technique as the "SMART" (Sensors Mounted As Roving Threads) weave
method. This sensing technique was later modified by Kikuchi (1993) and Kikuchi et al.,
(1994) to improve the system time response and to reduce the number of discrete
measurements through the incorporation of multiple one-dimensional linear sensing
circuits consisting a DC power source and two resistors in series, namely, the resin
resistance and a known resistance. These sensing circuits were used to monitor resin flow
dynamics during molding processes through the measurement of significant voltage
changes across the fixed resistance.
2.3.2 Non-Embedded Sensor Based Monitoring ofMolding Processes
One of the sensing techniques investigated for molding processes which does not
require embedded sensors is the laser ultrasonic method. The laser ultrasonic sensing
technique uses laser beams to generate acoustic waves and to receive ultrasonic signals.
This technique depends only upon the ,interaction of light beams with the surface of a
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material, therefore it requires visual access through the mold and into the part being
inspected for it to be able to monitor flow conditions. This technique has been used to
monitor flow progression during resin transfer molding processes through the acquisition
ofC-scan images acquired with an ultrasound system (McKie et al., 1991, 1993a, 1993b;
Addison et al., 1992). The material degree of cure has also been determined through the
use of this ultrasonic methodology (McKie et al., 1993; McKie and Addison, 1994).
Although ultrasonic techniques cannot be used to monitor the degree of cure directly,
several parameters such as the time of flight, complex reflection coefficient at the
mold/interface, and ultrasonic attenuation can be measured and used to determine degree
of cure. Because this sensing technique can operate at elevated temperatures and high
pressures, it can be used for real-time sensing. Veronesi (1994) and Wagner (1994) used
this technique to monitor flow progression as well as curing.
A second non-embedded methodology, based on photovoltaic sensors was
employed by Gauvin et al., (1987) and Gauvin and Chibani (1990) to measure the flow
front velocity. The photovoltaic sensing methodology consists of a light transmitter and a
light receiver, such that a light is directed to the object of interest by the transmitter which
is usually a light emitting diode (LED). The receiver is a cadium sulfide cell that allows
current to flow and energize a relay when reflected light originating from the transmitter is
detected. There are two ways of sensing .using this technique, namely thru-beam sensing
and reflex sensing. The thru-beam sensing includes wide optical range, high light/dark
contrast ratio, high possible signal strength, little effect of surface color and reflectivity and
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good trip-point repeatability. The limitations include the requirements of two components
passing through the detection zone and difficult alignment. On the other hand, the reflect
sensing involves a long optical range, high light/dark contrast ratio, little effect of surface
color and reflectivity, and easy installation and alignment. The limitation of reflex sensing
is that it can be faIsely triggered by mirror like objects unless polarized optics are used.
A final non-embedded sensor method, based on the video-camera sensing
technique, has been used to record the progression of flow within a closed transparent
mold and to verify the validity of 1) sensed flow conditions obtained using embedded
sensors and 2) molding process models and knowledge based control subsystems. The
verification of molding process models and/or knowledge based control subsystems via
recorded flow visualization was performed by Adams et aI. (1986), Martin and Son
(1986), Coulter et al., (1987), Coulter and Guceri (1988), Dave (1990), Addison et aI.,
(1992), McKie et aI., (1993a, 1993b), Demirci (1994), and Demirci et aI., (1994). The
validation of electronically sensed flow fronts via flow visualization was performed by
Kikuchi (1993), Kikuchi et aI., (1994), and Coulter et al., (1994). A similar approach
using still shot film rather than videotape was employed by Fracchia et aI., (1989) and
Hayward and Harris (1990). The applicability of this sensing technique is limited to low
temperature mold conditions, therefore it cannot be used with real-time molding
processes.
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2.4 Current Problem Specification
The present study was directed at the development and validation of a sensing
subsystem for the real-time monitoring of resin flow dynamics during injection molding
and resin transfer molding processes. The generic subsystem developed was based on a
modified version of the embedded electronic sensor concept initially introduced by Walsh
(1990, 1993), Walsh and Charmchi (1993), and DeShepper and Walsh (1994), and
subsequently investigated to some extent by Kikuchi (1993), and Kikuchi et al., (1994).
Walsh proposed the usage of a sensing grid to monitor resin location and resin curing
progression by the monitoring of resistance and capacitance changes occurring at each
grid junction in the presence of resin. Even though his work was effective, there were still
a few shortcomings associated with the time response of the system. An extremely
.}
sensitive electrometer was required to acquire resistance and capacitance variations in the
presence of a flow at each grid junction. The usage of such a device involved long settling
times which in turn induced slow signal processing and thus slow sensing cycles. In
response to these drawbacks, a modified approach was introduced by Kikuchi (1993) and
Kikuchi et al. (1994) to decrease the system time response through the incorporation of a
simple DC sensing circuit and the monitoring of voltage changes rather than resistance and
capacitance changes. While the work performed by Kikuchi was faster and involved
fewer discrete measurements, there was still a need for real-time sensing implementation.
Therefore, the goal of this investigation was to improve and incorporate such a system to
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real-time sensing situations and to allow for the future incorporation with a neural network
based process control system.
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CHAPTER 3
EMBEDDED ELECTRONIC SENSOR CONCEPT:
FUNDAMENTALS AND NEW
DEVELOPMENTS
At the start of the present investigation, different sensing subsystem candidates were
considered for the monitoring of flow progression during molding processes. Among
these, embedded and non-embedded sensors were studied. The non-embedded sensing
category included sensing through the infrared (IR) imaging and thermochrornic liquid
crystal (TLC) films technology. The embedded sensors included optical fibers, pressure
transducers, and the orthogonal electronic sensing grid also known as Sensors Mounted
As Roving Threads (S.M.A.R.T Weave). While all these sensory mechanisms were found
to have potential for the monitoring of resin flow dynamics, the orthogonal electronic
sensing grid technique was selected over the others since it was the most cost effective, in
addition to being applicable to the monitoring of flow dynamics during molding processes.
3.1 Concept
The orthogonal electronic sensing grid concept was originally introduced by Walsh
(1990, 1993), Walsh and Charmchi (1993), and DeSchepper and Walsh (1994) as the
S.M.A.R.T Weave technique, and later modified and tested by Kikuchi (1993) and
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Kikuchi et al., (1994). This sensing technique is based on the use of multiple insulated
electrically conductive wires which are positioned in the mold cavity (i.e., for injection
molding cases) and/or into reinforcement fiber layers (Le., for resin transfer molding
processes) to form a non-intersecting orthogonal grid pattern. Once the mold is assembled
conjunctively with the sensing grid, multiple point sensors are generated in the mold cavity
at its grid junctions. Each of these grid junctions, also known as a sensing gap, represents
an open electrical DC circuit in its unfilled state which becomes activated in the presence
of a material with some degree of conductivity. This concept is illustrated in Figure 3.1.1
MOLD AND SENSING GRID
SENSING
NODE
SENSING _
EMBEDDED NODE
WIRES
Figure 3.1.1: Embedded Electronic Sensor Concept
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Kikuchi et al.. (1994). This sensing technique is based on the use of multiple insulated
electrically conductive wires which are positioned in the mold cavity (Le., for injection
molding cases) and/or into reinforcement fiber layers (i.e.. for resin transfer molding
processes) to form a non-intersecting orthogonal grid pattern. Once the mold is assembled
conjunctively with the sensing grid. multiple point sensors are generated in the mold cavity
at its grid junctions. Each of these grid junctions. also known as a sensing gap. represents
an open electrical DC circuit in its unfilled state which becomes activated in the presence
of a material with some degree of conductivity. This concept is illustrated in Figure 3.1.1
MOLD AND SENSING GRID
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Figure 3.1.1: Embedded Electronic Sensor Concept
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Walsh proposed the use of this sensing grid to monitor resin location and resin
curing progression during resin transfer molding processes by monitoring resistance
changes at multiple grid junctions. While the work initially performed by Walsh was
effective, it required the use of an extremely sensitive electrometer device to measure the
flow resistance across each sensing gap. Such a device required a significant amount of
time to attain reading stabilization since the magnitude of resin resistance was extremely
high and varied as a function of time (i.e., 109 Q - 1013 Q). The processing time
required to obtain one measurable true reading through this electrometer was found to
range from 1.5 to 3.0 seconds. Similarly, the multiplexing operation, which was
performed through a Keithley Metrabus Multiplexer System, was found to scan data from
junction to junction in approximately 1.5 seconds. Therefore, the overall time needed to
fully scan the signal corresponding to just one sensor ranged from 3.0 to 4.5 seconds.
In response to this shortcoming, a modified sensing approach was developed by
Kikuchi (1993) and Kikuchi et aI., (1994) to provide faster sensing response with fewer
discrete measurements. Even though the modified sensing version monitored multiple
temporal flow fronts reasonably fast (i.e., a fraction of a second), there was still a need of
incorporating this sensing technique to real-time processes. Therefore, during the present
investigation, the modified sensing subsystem was further improved to all~w for real-time
process monitoring and the future incorporation with a neural network based process
control system.
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3.2 Modified Embedded Electronic Sensor Concept
The modified sensing concept developed by Kikuchi and coworkers was based on
the use of an orthogonal electronic sensing grid consisting of multiple one-dimensional DC
sensing circuits similar to that shown in Figure 3.2.1. This circuit consisted of a DC
power supply and two resistors in series, R1 and Rz' where R( was a fixed resistance (i.e.,
IOn) and Rz represented the resin resistance.
(:::::1::1"1::::1
DC Power Supply
Figure 3.2.1: One-Dimensional Sensing Circuit Used by Kikuchi et al.
(~
When a material with some degree of conductivity advanced through the mold and
entered a sensing gap, the material resistance, Rz' changed as a function of the number of
filled sensing gaps, and a significant voltage change, ~V;, was detected across ~. A
multi-channelOno-Sokki dynamic analyzer (Model #CF-920), was utilized to scan
multiple voltage changes, ~VJ 's, corresponding to a pair of sensing circuits in less than 1.0
ms to guarantee the instantaneous reading of multiple voltage changes accurately. The
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reading stabilization required during this signal acquisition process was neglegible. The
collected data was subsequently analyzed through the qualitative evaluation of averaged
voltage change time derivative, d(I1~) I dt to define the location of a flow front. A
schematic representation of this system is illustrated in Figure 3.2.2.
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Video
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Figure 3.2.2: Two-Dimensional Experimental Set-up used by Kikuchi et al.
This assembly consisted of a 2-D transparent mold with a total of 231 embedded
electronic point sensors, a multi-channel dynamic analyzer (Model #CF-920), a fixed
resistance, a DC power supply, two tubing pumps (TAT Engineering Corporation, Model
#410-000, Series H-92) each of which was driven by a pump controller (Anaheim
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Automation, Model #3402070) which was in turn controlled through an RS232 port in a
personal computer, a resin supply tank, and a video camera.
The mold assembly included two transparent plates each of which contained
embedded wires, an aluminum spacer plate, and two neoprene rubber gaskets. The
dimensions corresponding to this mold assembly are provided in Figures 3.2.3 and 3.2.4.
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Figure 3.2.3: Two-Dimensional a) Bottom and b) Top Mold Plates.
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Figure 3.2.4: Aluminum Spacer Plate Utilized in Kikuchi's Experiments
Two inlet gates were located at one end of the mold, and four vent ports were
placed at the other end of the mold. The spacer plate was machined so as to create a
0.300 m (11.81 in.) by 0.305 m (12.00 in.) intemal mold cavity. The overall mold cavity
thickness was measured to be 0.005 m (0.197 in.). Eleven electrically conductive wires
were embedded in the inner surface of the top mold plate in one direction. These wires
were evenly spaced by 0.030 m (1.18 in.). Similarly, twenty one electrically conductive
wires were embedded in the inner surface of the bottom mold plate in the orthogonal
direction. These wires were evenly spaced by 0.015 m (0.59 in.). The resultant sensing
grid configuration is depicted in Figure 3.2.5.
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Figure 3.2.5: Two -Dimensional Mold With Linear Sensing Circuits Labeled
The verification of this technique was successfully performed for both one- and two-
dimensional injection molding cases. The validation of the electronically sensed flow
fronts was done with a video camera via recorded flow visualization. Figure 3.2.6
illustrates the electronically sensed and visually observed flow fronts obtained during the
two-dimensional injection molding case. These results were found to agree with each
other.
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Sensed Flow Front
ViSUil"Y Observed Flow Front
QI = Q2 = l.l5cm 3 /sec
M = 20 sec
t fill = 180 sec
Figure 3.2.6: Electronically Sensed and Visually Observed Resin Front Progression
During Two-Dimensional Molding.
3.2.1 Need/or Additional Sensor Subsystem Improvement
Positive and negative aspects associated with this sensing concept were identified
during Kikuchi's investigation. Even though the effects of noise and capacitance generated
in the system were found to affect the overall voltage change appearance, a rather
qualitative evaluation approach was employed to compensate for such effects and to
determine flow progression more accurately. The use of the qualitative evaluation of
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averaged voltage change time derivative resulted in a more robust analytical tool for
monitoring flow progression. In addition, the changing electrical properties of the material
being molded were accommodated through this approach. Even though this modified
sensing technique was found to respond reasonably well in terms of locating flow fronts,
there was still a need for incorporating the system to real-time situations.
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CHAPTER 4
REAL-TIME EMBEDDED ELECTRONIC SENSING SUBSYSTEM:
FUNDAMENTALS AND SIGNAL PROCESSING ISSUES
4.1 One-Dimensional Resin Flow Sensing Circuit Description
4.1.1 Real-Time Sensing Concept
The concept of real-time embedded electronic sensor is based on the usage of a non-
intersecting orthogonal grid positioned inside the mold cavity and integrated signal
processing components. The one-dimensional DC sensing circuit introduced by Kikuchi
(1993) and Kikuchi et al., (1994) was used in the present investigation to monitor voltage
changes across a fixed resistor.
The development of a real-time embedded electronic sensing subsystem was based
on the incorporation of fast hardware and software signal processing components to the
orthogonal electronic sensing grid. Such a subsystem represents an improved version of
previously developed electronic sensing subsystems by Walsh (1990, 1993), Walsh and
Charmchi (1993), DeSchepper and Walsh (1994), Kikuchi (1993), and Kikuchi et al.
(1994). A PC-based data acquisition and multiple one-dimensional electronic signal
conditioning units consisting of notch filters and buffer amplifiers were attached to the
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orthogonal sensing grid to improve the overall signal appearance, the signal processing
accuracy, and the system time response. A schematic representation of the resulting
sensing subsystem is illustrated in Figure 4.1.1.1.
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Figure 4.1.1.1: Real-Time Sensing Subsystem Components
4.1.2 Real-Time Sensing Circuit Description
The improved one-dimensional linear DC sensing circuit design conforming to the
orthogonal sensing grid was structured so as to reduce the noise and the resin impedance,
as shown in Figure 4.1.2.1.
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Figure 4.1.2.1: Improved One-Dimensional Real-Time Sensing Circuit.
This sensing circuit consists of a notch filter, a buffer amplifier, the resin resistance, R2 , a
fixed resistance, R(, and two DC power supplies, (Vps)) and (Vps)2' The fixed resistance,
R1 is located at the non-inverting port of the buffer amplifier and it is still in series with the
resin resistance and the power supply, (Vps))' In this case, (Vps )) represents an adjustable
DC power supply used to power the sensing grid. The power supply, (Vpsh. on the other
hand, is used to power the buffer amplifier.
As the resin enters a sensing gap, the magnitude of Rz changes within each one-
dimensional resin flow monitoring circuit. When this occurs, a voltage change, t1VI, is
registered across R1• The detection of this voltage change, accomplished using
appropriate signal processing, allows for the determination of a new flow front. The signal
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generated as a result of all of the activated nodes in a sensing circuit passes through a
notch filter and subsequently through a high impedance voltage follower which is in turn
connected to the multiplexing subcomponent of the PC-based data acquisition subsystem.
4.2 Signal Processing Structure
The signal processing scheme used during the current study consisted of two phases:
i) noise and impedance signal conditioning, and ii) analytical signal processing, as shown
in Figure 4.2.1.
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Figure 4.2.1: Signal Processing For Real-Time Sensing Situations.
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The first phase of signal processing involved three main components: i) a 60 Hz
notch filter, ii) a high impedance buffer amplifier, and iii) a power supply, as shown in
Figure 4.2.2
Analog
Input
---
+
_ (Vps)
- 2I
Figure 4.2.2: First Phase of Signal Processing
These components were used to a) eliminate the electrical noise"b) reduce the signal
impedance, and c) to decrease the settling time associated with the signal amplification
process in the NO board. The 60 Hz notch filter, commonly known as a twin tee band
reject filter, is a low impedance component for 60 Hz AC signals. This filter was
O·
designed to provide a steep notch within a specified frequency bandwidth centered on 60
Hz and to remove unwanted AC noise. The signal detected in each sensing circuit passes
through both Ra (i.e., 10 MQ) and Rb (i.e., 10 MO.), and while this is happening, 60 Hz
AC noise is sent to ground through the c~pacitors and Rc (i.e., 5.0 MO.). During this
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process some charge is usually held in the capacitors (i.e., C. = 270 pf., Cb = 270 pf., and
Cc =540 p£). This charge, qj, is defined as follows:
(4.2.1)
where i = a,b,c and Q, represents the initial charge in the capacitors. According to
Equation 4.2.1, the charge on the capacitors tends to decrease with increasing time. In the
short run, this phenomena can slightly offset the true magnitude of the remaining desired
signal, but the overall trend corresponding to this signal remains unaltered. The remaining
signal then goes into the high impedance voltage follower (with unity gain ), where its
impedance is reduced to match the AID board impedance (i.e., 1010 Q). The lowered
impedance signal enters the selected external multiplexing board to initiate multiple
scanning of data.
The second phase of signal processing takes place in a PC-based data acquisition
subsystem, where multiple analog voltage signals are converted into digital data through
an AID board (National Instruments Model AT-MIO-16F-5). An external analog
multiplexer (NI Model AMUX-64T) is utilized to increase the number of analog input
channels (from 8 differential inputs, or 16 single-ended to 32 differential inputs or 64
single-ended) and to perform the switching operation between channels during the
scanned data acquisition process. In this case, four channels can be scanned by the
multiplexer for each input channel on the board in just 12f..lS.
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At this point, the system has managed to eliminate the effects of a high impedance
source prior to multiplexing operations in its first signal processing phase. When the
multiplexing process starts, the noise effects introduced by multiple channel switching at
fast sampling rates are substantially eliminated though the use of the hardware signal
conditioning to be described in Chapter 5. Under these conditions, good accuracy of
signal processing is expected for any given sampling rate, impedance source, gain, etc.
The internal board multiplexing operation and signal amplification AID conversion
processes can therefore develop under satisfactory conditions (i.e., low noise, low signal
impedance, etc.), guaranteeing reliable signal processing. At this point, the settling time
associated with the internal board signal amplification process can now be as fast as
specified in the board (Le., 2jlS), to therefore provide accurate signal processing.
The resulting digitized voltage data is transferred to the PC memory for further
signal processing. The logic involved in this analytical signal processing is structured in
two main sections, 1) smoothing out of digitized data and computing of temporal voltage
drop gradients (d(Av'.)/ dt' s), and 2) the evaluation of: i) voltage differentiability with
respect to time, ii) the magnitude of d(Av'.) / dt with respect to a predefined exponential
threshold function, and iii) continuity between significant d(Av'.) / dt' s. An additional
node location along a sensing circuit is assumed to be wetted with resin when: 1) the
voltage is found to be non-differentiable, 2) the magnitude of d(Av'.)/ dt is above the
predefmed exponential threshold function, and 3) a significant d(A~) / dt follows a
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continuous pattern over time increments. The determined temporal flow location is
automatically displayed on a graphics window in real-time.
4.3 Mathematical Background
The overall volumetric resistivity of the material being molded, Pres' was used to
monitor the material dynamics of flow fronts in terms of voltage changes, 11V;, across
multiple fixed resistors, R,'s, as a function of an effective electrical resistance, R., at each
sensing location upon flow arrival. In this case, a mixture of epoxy resin and curing agent
was prepared to a ratio of 10 to 6, respectively, to evaluate the sensing subsystem
performance, provide slow curing times , and enhance the conductivity properties of the
material being molded.
Mathematically speaking, the voltage change, 11v;. , across R), was defined as
follows:
(4.3.1)
where (Vps )\ equals six volts and represents the constant voltage applied during
experimentation, and R) is a known fixed resistor (i.e., 6.0* 1013n) located at the non-
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inverting port of the voltage follower. Equation 4.3.1 assumes no curing effects, and
therefore, constant resin volumetric resistivity, Pres' According to this Equation, the
magnitude of the voltage change varies non-linearly as a function of R2 , which in turn
varies inversely proportional with the number of filled sensing gaps, N , as follows:
R - R,es2--
N
(4.3.2)
where Rm represents the electrical resistance of the mixture. The theoretical dependence
of the resin resistance, R2 , and overall sensing circuit voltage drop, ~V;, on the number of
filled sensing nodes, N, is shown in Figures 4.3.1(a) and (b).
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Figure 4.3.1: a) Inverse Relationship Between The Overall Resin Resistance, R2 , and the
Number of Filled Sensing gaps and b) Non-Linear Relationship Between Overall Voltage
and the Number of Filled Sensing Nodes.
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In addition, the resin resistance, P"" was defined to be constant and directly proportional
to the resin volumetric resistivity and the ratio of the sensing gap length, L, over the
sensing gap cross sectional area, A as shown below:
(4.3.3)
As a result, the overall theoretical and experimental magnitude of voltage change
decreases gradually with the increasing number of filled sensing nodes as shown in
Figures 4.3.2(a) and (b). Even though R", was assumed to be constant, slight
experimental deviations from theoretical models were expected, as shown in Figures
4.3.2(a) and (b). Small resin resistance variations are obtained in response to resin curing
effects, capacitance effects, and others.
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Figure 4.3.2: Relationship between, both: a) Theoretical Voltage Change versus The
Number of Filled Sensing Gaps, and b) Experimental Voltage Change versus Filling
Time.
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A sample calculation for the theoretical resin arrival at sensing node number 6,
shown in Figure 4.3.2(a), is provided as follows:
a) The resin resistance was first calculated based on the measured sensing gap length, L,
the cross sectional area, A, and the assumed resin volumetric resistivity as follows:
R = ~=(1.l1*101On.m)* O.OO5m =3.*1014Q
res Pres A (O.OOO43m)(O.OOO43m) (4.3.4)
An illustration of a sensing gap length and a sensing cross sectional area is provided in
Figure 4.3.3.
SENSING GAPS
SENSING GRID
Figure 4.3.3: Sensing Gap Length and Sensing Cross Sectional Area Representation.
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b) Based on the calculated resin resistance, the overall mixture resistance corresponding to
the 6th node location was next obtained as follows:
(4.3.5)
c) Based on the selected ~, the applied voltage constant, (~J)\' and ~, the voltage
change corresponding to this sensing location was next calculated as follows:
(4.3.6)
The magnitude of the experimental voltage change obtained at the sixth sensing node, (Le.,
3.45 volts), was found to agree closely with theory.
According to Equation 4.3.1, both experimental and theoretical voltage increments
decrease as a function of additional filled sensing nodes over time. This non-linear
relationship was, however, more evident in real situations due the additional effects of
capacitance, grounding, space charge, and polarization. However, other voltage
relationships can be obtained when the magnitude of R1 overpowers Rz• In this case,
more equal voltage changes are expected as more sensing nodes are filled with resin.
Under this condition, the variations experienced in R2 are almost negligible, and therefore
a linear relationship between voltage and N is rather obtained. Because the resin
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resistance increases continuously with time, this condition of R1 being sufficiently greater
than R2 , is not always valid statement. However, if the system were designed so as to
provide an increasing R) over time, this statement could be true. A third relationship
between voltage and N can be obtained when the overall magnitude of R,. overpowers R1•
In this case, R1 increases inversely proportional to N, as shown in Equation 4.3.2. The
variations experienced in R,. will therefore govern the overall behavior of voltage changes,
/).V; over time, and this will in turn result in an inverse relationship.
The theoretical and experimental results, shown in Figure 4.3.2, appeared, in
general, to correlate nicely. However, the voltage magnitudes corresponding to these
sensing gaps were found to differ slightly as more sensing nodes were filled with resin.
For instance, the theoretical and experimental voltage changes corresponding to the first
two sensing locations were the same, however, the difference between theory and
experiment became more pronounced after the third sensor was filled. The existing offset
resulted from small resin resistance variations and other effects such as humidity, noise,
capacitance, spatial charge and polarization.
In addition to monitoring flow locations, resin rheological properties such as
viscosity and, for thermosets, degree of cure could also be obtained through the use of this
sensing technique. This could be done by relating changes in the desired resin properties
to observed changes in resin. Hence, it is likely that curing progression, viscosity, and
other properties could be detected through voltage changes across a fixed resistor as well.
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Even though this sensing technique shows potential for the monitoring of viscosity, degree
of cure and others, such was not the subject of the present investigation.
At this point, it should be obvious to the reader that the success of the present
investigation depended strongly on the proper implementation of hardware and software
signal processing components. Basic principles of PC-based data acquisition and their
specific applicability to the development of the targeted real-time resin flow monitoring
system are discussed in the next Chapter.
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CHAPTERS
PERSONAL COMPUTER BASED DATA ACQUISITION:
PRINCIPLES AND RELEVANCE TO
THE PRESENT STUDY
The development of a real-time embedded electronic sensing subsystem was based
on the integration of fast signal processing operating hardware and software components,
such as data acquisition instrumentation, multiplexer, software signal conditioning, and
others, to the orthogonal embedded electronic sensing grid. The following section outlines
the details involved in this process.
5.1 Data Acquisition Instrumentation
Some of the most common used data acquisition instrumentation are known as
IEEE 488-controlled instruments, RS-232-controlled instruments, VXIbus instruments,
and plug-in data acquisition boards. The IEEE 488 devices are primarily designed to
perform remote control operations of programmable instruments. Similarly, RS-232
devices are commonly used for communication purposes between computers and
modems, and even though they can also be used for remote controlling of data acquisition
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subsystems and simple instrumentation, longer distances are often engaged while
communicating through these devices.
A VXIbus instrument is an external PC unit used for data acquisition processes
and controlling operations of multiple applications. They are specifically designed to
increase the PC capabilities through the allocation and combination of different application
set-ups, such as oscilloscopes, acquisition boards, and others, in just one backbone
structure physically located outside the PC environment. This device is appropriate for
cases dealing with multiple application set-ups being controlled through one centrally
located PC unit.
Data acquisition boards are generally used to transfer data directly to or from
computer memory at high resolution and fast sampling rates. The use of a data acquisition
board can provide time savings over manually recording measurements since it can
continuously perform multiple tasks while still acquiring data, therefore these devices have
quickly become very popular in the area of instrumentation technology for applications
dealing with temperature, force, sound, pressure, light, position and flow. The typical data
acquisition board backbone operating structure is sketched in Figure 5.1.1. The signals
being measured are conducted through a channel in the multiplexer and into the amplifier.
A gain is applied to this input signal to raise the signal to a higher level and ensure
accurate analog-to-digital conversion, and/or viceversa. This amplifier also translates
differential input signals into single-ended signals to guarantee accurate signal conversion.
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The amplified signal is digitized, stored in a buffer to avoid the loss of data, and later
transferred to the computer memory for further signal processing. PC-based data
acquisition systems can often perform a variety of functions, including analog-to-digital
(AID) conversion, D/A conversion, digital input/output, I/O, and counter/time operations.
. ---<;::;....\.:':;;>--l~ Samphng AID Buffering:
Conversion ./
........_..--...~'
Signal Amplification
Figure 5.1.1: Typical AID Board Operating Structure
These boards are designed to recognize a physical phenomena in terms of a
\
measurable electrical quantity, such as resistance and/or voltage signals. When the
characteristics of the signal to be processed do not meet the board specifications, it is
necessary to conduct signal conditioning prior to analog-to-digital conversion and/or vice
versa. This conditioning process can vary depending on the type of application for which
the board is being used. However, this is generally done through signal amplification,
isolation and/or filtering. The overall picture is provided below in Figure 5.1.2.
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Figure 5.1.2: Signal Conditioning in PC-based Data Acquisition Subsystems
The plug-in data acquisition board method was found to be the most reliable and
suitable device for the type of application described here since it can perform multiple
analog-to-digital conversions while still multiplexing, amplifying and storing the data at a
reasonably fast rate and high accuracy (Le., multi-task subsystem). Most PC operating
systems cannot perform multiple tasks simultaneously; each task is done individually. For
theses reasons, this instrumentation type was chosen over other acquisition methods to
later pursue the development of a PC-based data acquisition subsystem that would allow
the processing of voltage signals for the monitoring of flow progression in real-time.
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The selected data acquisition board (Model #: AT-MIO-16F-5, National
Instruments product) can scan a maximum of 8 differential or 16 single-ended
unipolar/bipolar channels at a maximum sampling rate of 200 kSamples/sec, with
sufficient high resolution (i.e., full 12-bits accuracy or 4096 binary codes for accurate
digital representation of analog signals), and at all voltage gains (Le., 1, 2, 5, 10, 20, 50,
and 100). Unlike many other AID boards, the settling time associated with the selected
board (Le., 2 IJ.S) is quite fast, which guarantees full accuracy in signal processing under
satisfactory conditions (i.e., low impedance source), regardless of the acquisition rate
and/or gain used to scan multiple channels. In addition to this, this board has a unique
double buffering operation mode which provides more storage room that guarantees the
continuous processing of a massive amount of data from cycle to cycle. Once a buffer is
filled, this data is automatically transferred into the PC memory for storage and further
signal processing. While this is happening, the board is still performing multiple
operations and now using the secondary buffer to temporarily store the digitized data.
This process is repeatedly done-until the data acquisition process" is terminated.
5.2 External Multiplexing Operation
An external analog multiplexer (Model #: AMUX-64T, National Instruments
product) was selected during this investigation to increase the total number of I/O
channels the AID board can handle. This multiplexer quadruples the number of analog
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input signals such that 32 differential or 64 single-ended input channels are provided
during data acquisition. These four input channels are scanned in 12 /lS (83.3K-
samples/sec).
5.3 System Configuration
The board gain, input range, polarity, input channels, and the double-buffering
method were the key parameters used to configure the board to accurately scan multiple
voltage signals at a reasonably fast sampling rate in real-time. The AT-MIO-16F-5 board
was software configured through the use of a modified version of a National Instruments
driver software (NI-DAQ for DOS, v4.3.2).
The selection of the input range, gain, polarity, and input channel configuration
depends on given input and desired output signal specifications. The chosen configuration
must allow for accurate signal processing during data acquisition. Any arbitrary
configuration can result in large signal variations and low signal resolution when
unnecessary large input ranges are selected. Also, small input ranges can result in higher
signal resolution, however, large signal variations can not be accommodated under these
conditions. The unipolar input mode is suitable for cases dealing with positive magnitudes
only. Erroneous data is obtained when negative values are processed under this condition.
The bipolar mode is, on the other hand, suitable for cases dealing with both negative and
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positive magnitudes. Also, the input channel mode plays an important role in terms of
noise elimination. The noisy pattern obtained during internal multiplexing can be avoided
with differential input channels rather than single-ended input channels since each
individual channel contains its own separate ground port. Based on this information the
board was configured such that multiple-channel scanned data acquisition was performed
over 8 differential channels, with a unipolar input range of 0 to 10 volts at a gain of one.
The selection of the analog input range and the input polarity can reliably process an
incoming voltage analog signal in the range 0 to 10 volts at a high signal resolution (Le.,
2.44 mY).
The AT-MIO-16F-5 double-buffering operation was also configured as a circular
buffer with two halves to provide a 16 bit wide memory for storing up to 256 digitized
conversions.. For input operations, each of these halves is filled with data continuously.
Once the first half is filled with data, this information is copied temporarily into a transfer
buffer to allow the processing of data while the second half is being filled as shown in
Figures 5.3.l(a) and (b). The coordination between these halves is done such that no data
is overwritten, and therefore lost.
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Figure 5.3.1: Double Buffer Operation: a) Empty Transfer Buffer and b) Filled Transfer
Buffer.
5.4 Signal Acquisition Rate Considerations For Real-Time Situations
The selection of an optimum acquisition rate for real-time applications was
primarily based on the empirical determination of the ideal number of samples required to
obtain accurate sensing and form a distinctive signal pattern between the sensors in each
sensing circuit (i.e., each channel). Based on the experimental results obtained in this
investigation, it was concluded that when a minimum of 100 samples were taken from
sensor to sensor in a sensing circuit, the sensing accuracy was optimized. Therefore this
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became the primary criteria for detennining the system acquisition rate. Empirical and
theoretical relationships were also defined and utilized for the selection process of data
acquisition.
The volumetric flow rate was initially calculated to determine the time required for
the flow to travel from sensor to sensor in the same sensing circuit. The magnitude of the
flow rate was determined by the system pump speed, as follows:
• (pI_speed +p2_speed) *K_AVG
q = STEPSPERREV (5.4.1)
where pI_speed and p2_speed represent the maximum pump speeds, in half steps per
second, corresponding to tubing pumps #1 and #2. The magnitude of K_AVG represents
an empirical quantity used i) to establish the relationship among the tubing pump
operational specifications, fluid viscosity, and effective pump speed output, and ii) to
determine the magnitude of the volume flowing through the tubing pump in one
revolution. This quantity was empirically found to be 6.36 ml / sec for a mixture of epoxy
resin (Shell, Epon 826) and curing agent (Anhydrides and Chemicals, MIffiPA) prepared
at a volumetric ratio of 10 to 6, respectively. Similarly, STEPSPERREV is an empirical
quantity which is directly associated to the stepping motor controller operating
specifications. This quantity was found to provide 400 half steps in one revolution for any
given fluid. The resultant volumetric flow can be used to determine the minimum time
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possible for the flow to travel from one sensing node to the next in the same sensing
circuit. This time is known as the system grid_time and it is defined as follows:
'd' MOWVOLgrz _tlme= •
q
(5.4.2)
where MOWVOL represents the volume occupied by the flow between two sensing node
locations, as depicted in Figure 5.4.1. This quantity was defined to be constant for a given
internal mold cavity dimension and a sensing grid configuration, For instance, the
MOWVOL magnitude corresponding to a 2-D mold with a 9x6 embedded sensing grid
was measured to be 31. 9lcm3 (1. 947in 3 ), as illustrated in Figure 5.4.1. The volume
occupied by the flow between sensors was approximated by the volume of a rectangular
block along all sensing circuits. It should be noted that the mold shown in Figure 5.4.1
was actually constructed and utilized during the present study. Further details related to
this mold are given in Chapter 6.
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MOWVOL=31.91 em 3 (1.947 in~)
~
e = 3.0 em (1.18 in.)
T
Figure 5.4.1: Volume Approximation Assumption Used To Calculate grid_time and thus
the Sampling Rate For Optimum Real-Time Signal Processing.
The next step was to define the sampling rate of the AID board based on: 1) the
optimum number of samples (Le., OPTSamples = 100) obtained between two sensing
locations in a sensing circuit and 2) the grid time, as described in Equation 5.4.2. The
acquisition processing time between the grid locations in a channel, dtyt, is given in
"grid time" seconds per OPTSamples (i.e., seconds/sample), as follows:
grid timedt_pt
OPTSamples
(5.4.3)
Most AID boards, including the NI-AT-MIO-16F-5 board, sample the data for all
channels sequentially in terms of samples per second rather than seconds per sample, as
illustrated in Figure 5.4.2. Hence the information provided in Equation 5.4.3 was later
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used to: a) obtain the processing time elapsed between channels, dt, and b) the system
acquisition rate in samples per second.
l----dtyt
Figure 5.4.2: AID Board Sampling Sequence.
The multiple-channel scanned data acquisition scans a set of analog input channels
continuously such that an analog-to-digital conversion is performed on one analog entry
per channel while the next channel is being scanned. The scan time per channel is known
as dt, and it is defined in terms seconds per sample as follows:
dt = dt pt
total_ chans
(5.4.4)
A scan sequence is completed when the last channel is digitized. The time involved in one
scan sequence for all channels is dtyt, as defined in Equation 5.4.3. The scan interval
time is the time the board waits between the end and the beginning of a scan sequence.
When the scan interval time is set to zero, a new scan sequence starts immediately after
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reaching the last channel. All channels are scanned continuously until the required number
of samples is acquired, which is dictated by the acquisition rate in terms of samples per
second as follows:
1.0
acqn rate=-
- dt (5.4.5)
The next step was to define the circular buffer size which in turn provides the
frequency range for which the data was to be processed based on the predefined
acquisition rate. The size of the circular buffer could be arbitrarily defined if the
processing time were negligible, however, this was not the case. The time involved in the
analytical phase of signal processing was found to be the determining factor for defining
the CPU time required to process all the data before the next cycle. The condition referred
to as " time overloaded" occurs when the infonnation still being processed is overwritten
and lost. Therefore, it is important to examine the time it takes to process each cycle's
data from beginning to end to avoid "time-overloading" the system.
The program was structured into two main processes, as depicted in Figure 5.4.3.
The first process consisted of a loop which included: i) the signal conditioning process
(Le., electronic sensing scheme), ii) the neural network for optimization based process
control, and iii) the pump control. The second process consisted of the NI (National
Instruments) double buffering system which performed the AID raw data conversion and
transferred this data into the circular buffer. The tasks involved in these two processes
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" i ','
occurred simultaneouslyand were linked to each other through an NI library routine which
was used to transfer data and to announce the arrival of a new batch of data from process
2 to process 1.
_---- Process 1 ----....
Loop until mold is filIed
if new data is ready then,
:Sensing-Scheme/signal - . <. >
' Conditioning _.
,Neural network , ---
, Pump Control ,L _
end if
----- Process 2
AID acqusition and raw data
conversion.
NI reads raw data into the
Circular Buffer
Figure 5.4.3: Program Signal Processing Structure.
The overall processing time involved in process 1 was found to increase with
increasing circular buffer size. The processing times involved in the neural network and
pump control tasks remained constant at all times regardless of the buffer size. These
values were measured to be 0.144 seconds for the neural network and 0.60 seconds for the
pump control scheme. However, the processing time involved in the electronic sensing
scheme/signal conditioning varied approximately linearly with the circular buffer size.
The processing time required to condition the signal was determined empirically to be
approximately O.00005secl pt. The processing time outside of the major components
was initially assumed to be negligible, therefore it was not included in the time loading
74
analysis. The acquisition rate was recalculated based on the system time loading
relationship in tenns of samples per second as follows:
total pts
acqn rate= -
- (Cl+(C2*totaCpts» (5.4.6)
where Cl and C2 are constant values and represent the constant processing times
corresponding to 1) the neural network and the pump control tasks (Le., Cl = O. 744sec )
and 2) the electronic sensing scheme/signal conditioning.
In theory, this acquisition rate would process the data in real time successfully. In
practice, however, the zero processing time assumption is neither a valid nor a reliable
assumption in real-time systems. Hence, the acquisition rate was redefined such that it
accounts for other processing times as well. If the system was 100% time-loaded, and
modifications were added, this would cause the acquisition process to fail. Therefore, it
was decided that a 50% time-loading condition would be safe and provide more flexibility
in the system in tenns of program enhancements, small analysis errors, and other
processing times, as shown below:
total pts
acqn rate ={ - }/2.0
- (Cl +(C2 *totaCpts»
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(5.4.7)
This empirical time-loading relationship was later used to solve for the total number of
points, totalyts as follows:
I 2.0 *acqn rate *C1toto pts= -
- (1.0-(2.0*acqn_rate*C2)) (5.4.8)
The resultant totalyts was then rounded down to the nearest multiple of the totaechans
to ensure that the circular buffer halves were safely and properly aligned, as depicted in
Figure 5.4.4(a), and hence avoid the situation depicted in Figure 5.4.4(b). Based on these
new modifications, the acqnJate was recomputed:
total pts
totaC pts = ( - )*(fotaC chans)
total_ chans
(5.4.9)
HalfBllffer Half Bllffer
Cycle I Cycle II
TotalytsAdjusted to Fit Half Buffer
a)
HalfBllffer
Cycle II
Totalyts Not Adjusted to Fit Half Buffer
b)
Figure 5.4.4: Alignment of Acquired Data Corresponding to One Half Buffer: a)
Optimum Case, and b) Worst Case.
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Once the acquisition rate and the total number of points were determined, the cycle
time was obtained. The cycle time indicated when a batch of data was ready for
processing, which happened when a half buffer was full. This event is illustrated in Figure
5.4.5.
t= 11 sec.
t= 10 sec.
t= 9 sec.
t= 8 sec.
t= 12 sec. t= 1 sec.
t= 3 sec.
t= 4 sec.
t= 5 sec.
t= 7 sec. t= 6 sec.
HalfBuffer HalfBliffer
Figure 5.4.5: Circular Buffer Operation
In Figure 5.4.5, one sample point was acquired per second. After the sixth sample
point was read, process 2, in Figure 5.4.3 would signal Process 1 to announce the
completion of the first cycle. At this point, the first data batch is transferred to a
temporary transfer buffer and later processed by the electronic sensing scheme/signal
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conditioning. While this was happening, a new batch of data started to occupy the other
half of the circular buffer. After the 12th sample point was read, process 2 would signal
again to process 1 to announce the end of the second cycle. This data is again transferred
to the transfer buffer and later analyzed. If by the time this occurs, the sensing signal
processing corresponding to the ftrst batch of data was not completed, then a third cycle
would start, and overwrite this data. For this reason, it is very important to adjust the
acquisition rate, and the total number of points such that there is enough time to process all
the data in a given cycle.
5.5 Needfor Hardware Signal Conditioning
The versatility of AID and DfA boards can be sometimes limited to certain
applications. It is always possible, however, to overcome such restrictions through the use
of hardware and software signal conditioning. These restrictions are generally obtained
when dealing with a high input impedance source, electrical noise, space charge,
polarization effects, and others. Under these conditions it is very difficult to process data
accurately. In this case, the monitoring of resin flow was affected by the effects of 1) a
high impedance source, 2) noise, 3) spatial charge, 4) polarization, 5) multiplexing, 6)
transmission line resistance and capacitance.
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In order to conduct reliable and accurate signal processing during data acquisition
reliably and accurately, the settling time associated with the AID board needs to be
considered before processing any data. The settling time is the amount of time required
for signal stabilization during the amplification stage of data acquisition. This parameter
varies from system to system and can be affected by several factors including: the board
gain~ the multiplexing operations, the source input impedance, and the transmission line
resistance and capacitance effects.
High gains generally lead to longer settling times during signal amplification (i.e.,
refer to Figure 5.1.1) because of the higher signal resolution and decreased bandwidth
accuracy. In general, high gains should be avoided when dealing with relatively small
signals and/or when high resolution accuracy is required. Most AID boards include
amplifier units that handle low gains and slow sampling rates only, limiting data
acquisition to a specific range of parameters. Therefore it is important to select a board
with amplifier units that can handle the resolution of any signal acquired at any gain and/or
given sampling rate. In this case, the amplifier units included in the selected Nt board
(i.e., NI-PGIA) were designed to provide fast settling times (i.e., 2 ~) for any given gain
and/or sampling rate, however, the accuracy of signal processing was still limited to
specific situations involving impedance sources kept below the board impedance
specifications (i.e., 1Q1O.Q).
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The multiplexing operation of multiple channels can also induce longer settling
times when i) the selected sampling rate is too high, and/or ii) the source impedance is too
high. When a DC signal is measured and input to the multiplexer, the multiple switching
of channels generates a high frequency AC signal which is input to the instrumentation
amplifier along with the measured DC signal. When the sampling rate is too high, the
amplifier can not track true signals as fast as the sampling rate dictates, and therefore this
leaves the amplifier unit with very little or no time to settle. Non-accurate and non-reliable
data is expected. Similarly, when the source impedance is too high, an additional voltage
is generated during multiplexing. Some charge is generally released from the capacitors
inherent in the multiplexer and which in tum combines with the source high impedance to
generate voltage signals which are subsequently input to the amplifier, leading to
erroneous results. Likewise, the current introduced by spatial charge and polarization
effects combines with the high impedance source to: I) generate an additional voltage in
the final output, and hence 2) induce unreliable signal processing. In order to eliminate the
pitfalls encountered in systems dealing with high impedance sources, signal conditioning
modules (Le., unity gain buffer. or voltage follower, filtering unit, isolation, etc.) are
generally incorporated into the system prior to multiplexing tasks. The use of such
modules results in faster settling time, and thus increased signal processing accuracy.
The transmission line effects can also induce longer settling times when the system
impedance source is high. This effect is associated with the charging and discharging
effects of capacitance in the connecting cables. These cables can act like low-pass filters
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and therefore take some time to charge and discharge. Under this condition, signals are
transported at a much slower rate as they go from the source and into the hardware and
software signal processing components. Situations like these should be, therefore,
avoided.
5.6 Hardware Signal Conditioning
Hardware signal conditioning was incorporated into the system to eliminate the
pitfalls detected during signal processing, and therefore allow reliable and accurate signal
processing for any given set of parameters.
Multiple signal conditioning modules (Le., notch filters-voltage follower units)
were initially built into the system to eliminate the negative effects induced by the high
input impedance source priorto data acquisition, as depicted in Figure 5.6.1
.~~*:~:~**~:~'};.~:::f.1:.~~~::~: ..
*
'"~ High Input Impedance t--It-'!l
" Source
Hardware Signal Conditioning
Module
Figure 5.6.1: Hardware Signal Conditioning Components
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The effects associated with noise, space charge and/or charge polarization were
substantially diminished through grounding mechanisms. All metal components adjacent
to the mold assembly (i.e., metal mold spacer and screws) were, therefore, properly
grounded, as depicted in Figure 5.6.2, to reduce such effects. Likewise, the generation of
high frequency AC signals during multiplexing with high sampling rate and high
impedance sources was substantially decreased through the use of: 1) the differential input
channel mode rather than the single-ended mode, and 2) individual fixed resistors (i.e.,
100 0) attached to the negative port of each differential channel in the multiplexer and
ground. The effects of transmission line resistance and capacitance were also reduced by
housing all connecting cables in the system with aluminum shielding.
Metal Spacer ----,
Plexiglas --,
Plates
Assembly
Screws
Figure 5.6.2: Grounding Mechanisms
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The actual implementation and testing of such a PC-based data acquisition
subsystem and signal conditioning principles to real-time sensing situations is discussed
next. Chapter 6 introduces the details involved in the injection molding experimental set-
up and testing procedures.
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CHAPTER 6
INJECTION MOLDING EXPERIMENTAL APPARATUS AND TESTING
PROCEDURES
.c:.!
During the present study, the improved embedded electronic sensmg subsystem was
tested for both 1-0 and 2-D injection'molding cases. The experimental assembly used in
this investigation included many of the components utilized by Kikuchi, with the exception
of the multiplexer, acquisition board, notch filters, buffer amplifiers, and other hardware
and software signal processing components.
6.1 One-Dimensional Experimental Apparatus
Th~ one-dimensional experimental set-up utilized for the proof-of-concept sensing
test included a one-dimensional plexiglas mold with twenty embedded electronic sensors,
one 60 Hz notch filter, one voltage follower, a DC power supply, a tubing pump (TAT
Engineering, Model # 410-000, Series H-92) controlled through a stepping motor
(Anaheim Automation, Model # 34D207D), a resin supply tank, and a PC-based data
acquisition subsystem consisting of a personal computer, an RS232 port, a data
acquisition board (National Instruments, AT-MIO-16F-5), and a multiplexer (National
Instruments, AMUX64-T), as illustrated in Figure 6.1.1.
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Pump Controller
[·~:I···········
............
Pump
I-D Mold
with embedded electronic
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·!ti~1
Figure 6.1.1: One-Dimensional Experimental Assembly
The mold consisted of two plexiglas plates, one resin inlet gate, an aluminum
spacer, two neoprene rubber gaskets, and one sensing circuit with twenty equidistant
. embedded electronic sensors, as shown in Figure 6.1.2.
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Positive Lead to RI
Upper Mold Half with 20
embedded wires and inlet
port.
Neoprene Rubber Gasket
0.08 em ( 0.03125 in.)
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G) Lower Mold Half with I
embedded wire.
Figure 6.1.2: One-Dimensional Mold Assembly.
Both mold plates were 0.05 m (1.97 in.) wide, 30.48*10-2 m (12 in.) long, and 0.0127 m
(0.5 in.) thick. The inlet gate orifice was 0.0064 m (0.25 in.) in diameter, and the internal
mold cavity dimensions were 0.020 m (0.79 in.) wide, 0.292 m (11.50 in.) long, and 0.005
m (0.197 in.) thick. The wires were evenly positioned 1.0 em (0.39 in.) apart from each
other on the inner surface of the upper mold plate. The wire insulation was removed at
each sensing location. Then, a common lead was used to connect all 20 wires to the
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ground terminal of a DC power supply. A single wire was placed in the inner surface of
the bottom mold plate and later connected to a fixed resistance, Rl' (i.e., 6.0* 1013 .Q)
through a notch filter-voltage follower unit. This wire was properly notched at the sensing
gaps to remove the insulation so as to provide a 0.0215 cm2 (0.0033 in2 ) cross sectional
area. A constant voltage of 6.0 volts was applied to the system during experimentation. A
mixture of EPON 826 epoxy resin and MHHPA curing agent was prepared at a ratio of
10 to 6 respectively and fed into the mold cavity at a constant flow rate. The resin feeding
system consisted of a tubing pump driven by a stepping motor which was in turn
controlled through an RS-232 port of a Gateway 2000/486 personal computer. The
voltage change across R1, was monitored through the PC-based data acquisition
subsystem each time the flow entered a new sensing gap. The acquired signal was
processed through the two signal processing phases, discussed in Chapter 4, to detect the
temporal progression of resin through all twenty locations corresponding to the sensors
embedded in the mold. The validation of these results was done through a comparison
with visually recorded flow progression experiments.
Prior to experimentation, the metal mold spacer and all assembly screws were
connected to ground to eliminate the effects of capacitance and electromagnetic fields
generated inside and outside the mold. Grounding mechanisms were also used to
decreased the initial voltage signal, and hence avoid signal saturation in the system.
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6.2 Two-dimensional Experimental Apparatus
Following one-dimensional proof-of-concept sensing verification, further testing was
performed to evaluate the applicability of multiple one-dimensional sensing circuits
situated in a two-dimensional plane. A diagram of the 2-D experimental assembly is
depicted in Figure 6.2.1.
60 Hz Notch Filters.
HIV Buffer Amplifiers
&
DC Power Supply
::'.
':;.
.:.:.:.;.;.:.:.:-:.:.:.:-:.:.:-:.;.:.;.;.-
Resin
Supply
Video
Camera
2-0 Mold with
Embedded Sensors
Figure 6.2.1: Two-Dimensional Experimental Assembly.
The two-dimensional experimental apparatus consisted of a 2-D plexiglas mold with
multiple one-dimensional sensing circuits, multiple notch filter-voltage follower units, a
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DC power supply, two tubing pumps (TAT Engineering Corporation, Model # 410-000,
Series H-92), each of which was driven by a stepping motor (Anaheim Automation,
Model # 34D207D), a resin supply tank, a video camera, and a PC-based data acquisition
subsystem consisting of a personal computer, an RS232 port, a data acquisition board (NI,
AT-MI016F-5), and a multiplexer (NI, AMUX 64-T).
The 2-D mold shape used during these experiments is illustrated in Figure 6.2.2.
This mold cavity is 17.4*10.2 m (6.85 in.) long by 26.8*10.2 m (10.55 in.) wide and
0.4125*10,3 m (0.0162 in.) thick. This mold consisted of two plexiglas plates, each of
which was 0.45 m (17.75 in.) long, 00400 m (15.75 in.) wide, and 0.0254 m (1.00 in.)
thick. The mold assembly also included two inlet gates, an aluminum spacer, and two
neoprene rubber gaskets. Both inlet gates were located at one end of the mold and three
vent ports were positioned at the other end of the mold, as shown in Figure 6.2.2. The
machined inlet gate channels were 0.0050 m (1.97 in.) thick by 0.020 m (0.79 in.) wide.
Inlet
Gates
Vent Ports
Figure 6.2.2: Two-Dimensional Mold Shape.
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During experimentation, two different sensing grid configurations were used to
evaluate the overall performance of RTEES (Real-Time Embedded Electronic Sensors) in
cases where the sensors were i) closely positioned with respect to each other, and ii)
relatively far apart from each other, as shown in Figures 6.2.3(a) and (b). The first
sensing grid configuration, shown in Figure 6.2.3(a) consisted of an 18xll sensing grid,
whereas the second one, shown in Figure 6.2.3(b), consisted of a 9x6 sensing grid.
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Figure 6.2.3: Two-Dimensional Grid Configurations With Sensing Circuits Labeled For:
a) 18xll, and b) 9x6 Orthogonal Grids.
Eighteen electrically conductive wires were embedded in the inner surface of the
bottom mold plate, as shown in Figure 6.2.4(a). These wires were evenly spaced 0.015 m
(0.59 in.) apart from each other. Similarly, eleven electrically conductive wires were
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positioned in the inner surface of the top plate, as depicted in Figure 6.2.4(b). These wires
were also positioned 0.015 m (0.59 in.) apart from each other to form the non-interacting
orthogonal sensing grid illustrated in Figure 6.2.3(a) when fully assembled.
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Figure 6.2.4: Two-Dimensional a) Bottom and b) Top Mold Plates with Embedded
Wires Corresponding To The 18x11 Orthogonal Sensing Grid.
This particular sensing grid provided a total of 198 distributed embedded electronic point
sensors. When the mold was assembled, however, only 161 point sensors were exposed
in the mold cavity.
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Similarly, nine electrically conductive wires were embedded in the inner surface of a
second bottom mold plate, as depicted in Figure 6.2.5(a). These wires were evenly
spaced by 0.030 m (1.18 in.). Likewise, six electrically conductive wires were positioned
in the inner surface of a second plate, as shown in Figure 6.2.5(b). These wires were
0.030 m (1.18 in.) apart from each other and used to form the non-intersecting orthogonal
sensing grid shown in Figure 6.2:3(b) when fully assembled..
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Figure 6.2.5: Two-Dimensional a) Bottom and b) top Mold Plates with Embedded Wires
Corresponding to The 9x6 Orthogonal Sensing Grid.
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This sensing grid provided a total of 54 electronic point sensors. When the mold was fully
assembled, however, only 45 point sensors were available inside the mold cavity, as
shown in Figure 6.2.3(b).
Both sensing grid configurations were established using a 26 gauge insulated copper
wire. The wires w~re properly notched to remove insulation at the node junc~ons only, so
as to provide a 0.25 cm2 (0.038 in2) cross-sectional area, leaving the remaining areas of
the grid insulated, as illustrated in Figure 6.2.6.
SENSING GAPS
SENSING GRID
/-O.5cm-j
T
O.5cm
-L
Figure 6.2.6: Uninsulated Cross-Sectional Area.
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This uninsulated cross-sectional area was later found to substantially decrease the effects
of noise, capacitance, spatial charge, and polarization each time its magnitude was
decreased.
All bottom wires were individually connected to multiple notch filter-voltage
follower units through individual pin connectors which were in tum attached to one of the
sides of the mold plate. Each voltage follower contained a fixed resistance, R1
(6.0* 10130) at its non-inverting port. The upper wires were permanently soldered onto a
"common copper strip connector located on the right side of this plate which had a single
common lead connected to the ground terminal of a DC power supply. A constant voltage
of six volts was applied during testing.
Prior to experimentation, all assembly screws and the aluminum mold sp~cer, were
properly connected to ground to: i) reduce the effects of capacitance and electromagnetic
fields, and ii) to decrease the initial voltage signal. Then, a mixture of epoxy resin (Shell,
Epon 826) and curing agent (Anhydrides & Chemicals Incorporated, MlllIPA) was
prepared at a volumetric ratio of 10 to 6, respectively, and later injected into the mold
cavity at a constant flow rate. The resin feeding system consisted of a resin supply tank
and two tubing pumps driven by two stepping motors that were controlled through an
RS232 port.
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Voltage changes across ~ were continuously recorded for all sensing circuits
through the PC-based data acquisition subsystem. The signal processing phases discussed
in Chapter 4 were simultaneously used to provide multiple temporal flow front locations.
A maximum of eleven and six point flow locations were expected per sensing circuit in the
18xll and 9x6 sensing grid configurations, respectively. The validation of these
electronically sensed flow fronts was performed with a video camera via recorded flow
visualization. Both visually observed and electronically sensed flow profiles were
compared against each other.
This sensing technique was initially tested during a one- and two-dimensional
injection molding cases. The experimental results obtained for these cases are presented
and discussed in the next Chapter.
95
CHAPTER 7
INJECTION MOLDING RESUL1S AND DISCUSSION
The experimental verification of real-time embedded electronic sensors was
conducted for both one- and two- dimensional molding processes, particularly, injection
molding and resin transfer molding. This chapter provides the results obtained during the
evaluation of the sensing concept for injection molding cases only.
7.1 One-Dimensional Case
7.1.1 Previous Embedded Electronic Sensing Status
The experimental verification of the embedded electronic sensor concept was
initially performed by Kikuchi for one- and two-dimensional injection molding cases. A
mixture of epoxy resin (Shell, Epon 826) and curing agent (Anhydrides and Chemicals,
MHHPA) was prepared at a volumetric ratio of 10 to 6, respectively, and later injected at
a constant flow rate into a mold cavity containing an embedded orthogonal electronic
sensing grid. Multiple voltage changes, AV; 's, across R1 were measured and then
analyzed. Typical results obtained during a one-dimensional injection molding case are
shown in Figure 7.1.1.1.
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Figure 7.1.1.1: Sample Results of Temporal Voltage Change Obtained During Kikuchi's
One-Dimensional Experimentation.
This data was collected from a mold containing a total of twenty embedded electronic
point sensors. The temporal arrival of resin flow was monitored in terms of voltage
change as a function of time and was later analyzed to define a flow location for a given
time.
97
The data provided in Figure 7. 1.1.1(a) illustrates the overall increasing voltage step-
like behavior obtained during testing. Because of the noise involved in this data, only a
total of eighteen significant voltage changes were identified upon resin arrival. The
voltage changes corresponding to the first two sensing locations were not, however,
clearly identified. The noise automatically became part of the final output since there was
no hardware and/or software signal conditioning components available in the system to
. "
eliminate it. Closer views of this signal are provided in Figures 7.1.1.1(b), (c), and (d).
The information provided in Figure 7.1.1.1(b) illustrates the noise and the voltage
changes obtained for the first eight consecutive sensing locations as the resin advanced
through these sensors. Similarly, Figure 7.1.1.1(c) shows the voltage changes
experienced when the resin reached the next five consecutive sensing locations. Even
though less noise was obtained, it was still noticeable. Figure 7.1.1.1(d) corresponds to
the voltage changes detected at the last seven consecutive sensing locations upon resin
arrival. In general, the overall signal appearance was very noisy and difficult to visualize,
therefore, it was concluded that the monitoring of resin flow progression through the direct
quantitative evaluation of voltage change was neither a reliable or accurate means for
sensing purposes.
An alternate approach was, however, introduced to provide a more robust analytical
mechanism for determining flow locations. This approach was based on the qualitative
evaluation of temporal voltage change time derivatives, d (A.VI) / dt 's, over time. This
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new method provided a much clearer representation of resin arrival at multiple sensing
locations regardless of the magnitude of d¥; and noise. Figure 7.1.1.2 shows a sample
result of the temporal voltage change time derivatives obtained during Kikuchi's work for
another one-dimensional injection molding case containing a total of five sensing locations.
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Figure 7.1.1.2: Sample Results of Temporal Voltage Change Gradient Obtained During
A One-Dimensional Case Consisting of Five Sensing Locations.
Five distinct d(d~) / dt 's were clearly identified at 35, 87, 140, 190, and 246 seconds.
The voltage change pattern corresponding to Figure 7.1.1.2 is illustrated in Figure 7.1.1.3.
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Figure 7.1.1.3: Sample Results of Temporal Voltage Change Obtained During A One-
Dimensional Case Consisting of Only Five Sensing Locations.
These voltage changes were found to agree with the theoretical output only up to the third
sensing location. The infonnation obtained beyond this point was useless from a
quantitative direct voltage drop viewpoint since the magnitude of the voltage change
measured at the fourth sensing location was in theory assigned to the third sensing location
rather than the fourth.
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7.1.21mproved Embedded Electronic Sensing Technique: Signal Conditioning
Considerations.
While the new approach developed by Kikuchi was efficient, there was still a need
for applying this sensing technique to real-time situations. Therefore, an improved version
of the embedded orthogonal electronic sensing grid was developed and tested during the
present investigation. Prior to testing, signal conditioning considerations were evaluated.
The one-dimensional experimental set-up described in Chapter 6 was used to verify
the new improved sensing technique. Prior to experimentation, the system was found to
experience voltage saturation due to the effects of noise and capacitance. Once voltage
saturation was reached, no signal variation was recorded across ~. Thus, an optimization
process of signal conditioning was conducted to enhance the signal appearance. In this
case, a set of grounding mechanisms was tested in a 1-0 case to determine the conditions
under which the final output was optimized.
Initially, the mold spacer and all assembly screws were grounded to eliminate the
effects of noise. In this case, the initial voltage reading was found to decrease from the
saturation point (i.e., 5.0-6.0 volts) to about 0.40-1.5 volts. The resultant voltage changes
corresponding to all twenty embedded electronic sensing locations are shown in Figure
7.1.2.1(a). This data was obtained at a constant flow rate of 0.125cm3 /sec
(0. 0076in3 / sec). In this case, the voltage changes were more accentuated and easy to
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differentiate from noise. Even though the effects of noise were substantially decreased,
other factors were partially introduced into the system over time. More specifically,
spatial charge, polarization, grounding, and time loading effects. In this case, a slight
voltage drop was recorded across R1 as the flow advanced from sensor to sensor, as
shown in Figure 7.1.2.1 (a).
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Figure 7.1.2.1: Sample Results of Temporal Voltage Change Obtained For A One-
Dimensional Case Involving Mold Signal Conditioning.
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The information provided in Figure 7.1.2.1 (b) corresponds to the voltage changes
obtained for the first five sensing locations. At this point, the effects of capacitance and
noise were almost negligible. No significant voltage drop was recorded as the flow
advanced from sensor to sensor. However, as the flow went passed the sixth sensor, as
shown in Figures 7.1.2.1 (c) and 7.1.2.l(d), the effects of capacitance were more
pronounced and thus detected in terms of a voltage decrease between sensors. Also, more
noise was introduced into the system as the resin progressed through more sensing gaps.
The sensitivity of the system was, therefore, found to increase with decreasing l?z. At this
point, more random charge was allowed to freely flow through the circuit. This noise was
later decreased in the presence of multiplexing signal conditioning, as shown in Figures
7.1.2.2(a)-(d). This information was collected at a flow rate of 0.250cm3 /sec
(0.0 153in3 / sec). In this case, all twenty voltage changes obtained in the presence of resin
are clearly identified.
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Figure 7.1.2.2: Sample Results of Temporal Voltage Change Obtained For A One-
Dimensional Case Involving Both, Multiplexing and Mold Signal Conditioning.
According to these results it was concluded that signal optimization was obtained
in the presence of both mold and multiplexing signal conditioning. The effects of
capacitance are, however, directly related to the design of the notch filter-voltage follower
units. Capacitance signal conditioning could be attained through bypassing mechanisms.
If this were done, however, more noise would be obtained in the resultant output signal.
104
7.1.3 Sensing Technique Verification
The verification of this technique was performed under the conditions described
above for different flow rates. Initially a mixture of resin to curing agent (i.e., 1O-to-6)
was injected into the mold cavity at a constant flow rate of 0.125cm3 / sec
(O.0076in3 /sec). The resultant voltag~ changes and voltage gradients obtained for this
case are provided in Figures 7.1J.1(a) and (b). The electronic sensing scheme was found
to successfully monitor the arrival of resin at all twenty sensing locations. The validation
of these results was done via recorded flow visualization. Table 7.1.3.1 lists the
electronically determined and visually recorded resin arrival times. The effects of
capacitance observed in the fmal output were not as critical as suspected.
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Figure 7.1.3.1: a) Temporal Voltage and b) Voltage Gradient versus Time Obtained at a
Constant Flow Rate of 0.125cm3 /sec (O.0076in3 /sec).
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The applicability of this technique was also verified for cases involving a higher flow
rate, namely, O.250cm3 /sec (O.OI53in3 /sec). The resultant voltage change and voltage
time derivatives, shown in Figures 7.103.2(a) and (b), demonstrated, once again, that the
electronic sensing subsystem effectively monitored the arrival of resin at all twenty sensing
locations despite the effects of capacitance. Again, both electronically determined and
visually recorded resin arrival times were found to mutually agree, as shown in Table
7.103.1.
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Table 7.1.3.1: Electronically Sensed and Visually Recorded Resin Arrival Times
Obtained at Two Different Flow Rates, namely, 0.125cm3 /sec (O.0076in3 /sec)and
O.250cm 3 /sec (O.0153inJ /sec).
22.80 22 13.30 13
55.91 55 29.30 29
65.21 65 33.53 33
95.04 95 47.88 48
33.44 33 18.31 18
43.94 43 23.07 23
76.98 76 39.14 39
156.58 156 77.39 77
125.88 125 62.74 62
116.18 116 58.02 58
166.15 166 82.54 83
206.35 206 102.21 103
145.81 146 72.47 73
136.65 136 67.75 67
105.81 105 53.10 53
186.15 186 92.11 92
196.38 196 96.67 97
176.98 176 87.42 88
~:::j:'~':::::':::::lQ =O.125cm 3 / sed:::::::::::~j:::j::::::':j:l::':il::,;i~:k?=O. 250cm3 / sec)~:l:::::,:,:j~::,:~::
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13.44 13 8.41 8
7.1.4 Failure Conditions
Even though this sensing technique proved to successfully monitor resin flow
progression for different I-D injection molding cases in real-time, there were still some
issues that needed to be addressed in order to guarantee successful sensing performance at
all times. In most cases, the system was found to fail in the presence of: 1) air
entrapments inside the mold cavity and 2) poor sensor(s) condition.
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When air bubbles enter the mold cavity and burst near a sensing gap, a substantial
amount of noise can be generated during sensing and thus interfere with the monitoring of
flow progression. This event is illustrated in Figures 7.1.4.1 (a)-(d).
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Figure 7.1.4.1: Noise Generated by Air Entrapments.
The results provided in these Figures were obtained at a flow rate of 0.1 25cm3 / sec
(O.0076in3 /sec). Figures 7.lA.l(a) and (b) illustrate the overall step-like voltage change
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and spike-like voltage gradient behavior obtained at all twenty sensing locations. The
voltage pattern detected between sensors #1 and #10 was very clear and free of noise. As
the flow advanced towards sensor #11, however, a significant amount of noise was
sensed, as illustrated in Figures 7. 1.4.1(c) and (d). In this case, an air entrapment had just
burst between sensors #10 and #11, and therefore generated a substantial amount of noise.
Despite the noise, the sensing scheme proved to effectively monitor resin arrival at all
. .
twenty locations, as shown in Table 7.1.4.1. This may not be always the case, however,
and possible cases like these should be therefore avoided.
Table 7.1.4.1: Electronically Determined and Visually Recorded Resin Arrival Times
Obtained in The Presence of an Air Entrapment.
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A secondary failure condition exists when the sensors are not properly connected to
the circuit and/or well uninsulated. In this case, the system will detect a voltage drop, as
shown in Figures 7.1.4.2(a)-(d).
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Figure 7.1.4.2: Negative Effects Introduced by Unsatisfactory Sensor Conditions
Obtained During Real-Time Sensing.
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These results were obtained at a flow rate of O.125cm3 /sec (O.0076in 3 /sec). Multiple
voltage changes and voltage gradients were detected as the resin advanced from sensors
#1 through #18. However, as the flow went passed the 18th sensing location, a sudden
voltage drop was detected, as shown in Figures 7.1.5.2(c) and (d). The voltage kept
decreasing as the flow advanced through the 19th sensing location. A rapid increase in
voltage was later sensed as the resin entered the 20th sensing location. At this point, a
significant voltage change and voltage gradient were detected. The 19th sensor was then
inspected and found be coated with some cured resin from previous experimental trials.
Despite the conditions of sensor #19, the sensing scheme did, however, work
successfully up to sensor #18, as shown in Table 7.1.4.2. Any further information
provided after this point was not valid. Therefore, situations like this should be avoided.
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Table 7.1.4.2: Electronically Sensed and Visually Recorded Resin Arrival Times
Obtained During a One-Dimensional Injection Molding Involving an Insulated Sensing
Gap.
The applicability of this sensing technique was later evaluated in a two-
dimensional injection molding case based on the results obtained during the I-D
experimental work. These results are presented and discussed in the next section.
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7.2 Two-Dimensional Case
The experimental verification of real-time embedded electronic sensors was also
performed for a two-dimensional case. Multiple 1-D sensing circuits were properly
embedded into the mold cavity to form a non-interacting orthogonal sensing grid. Two
sensing grid configurations were tested during this study, as shown in Figure 7.2.1(a) and
(b). The first sensing grid configuration consisted of eighteen linear sensing circuits, each
of which contained from two to eleven sensors. The second sensing grid included a total
of nine linear sensing circuits each of which included from two to six sensors.
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Figure 7.2.1: Two-Dimensional Sensing Grid Configurations, a) llxl8, and b) 9x6.
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A few technical adjustments were considered prior to experimentation in order to
reduce the effects of capacitance, time-loading, spatial charge and polarization. Once
again, the grounding mechanisms and multiplexing signal conditioning described in
Chapter 5 were incorporated into the system to reduce such effects. Also, all connecting
ribbon cables adjacent to the system were properly covered with aluminum shielding to
reduce the effects of transmission line resistance and capacitance.
Once the initial voltage signal was brought down to about 0.5-1.5 volts, a mixture
of resin and curing agent was prepared at a volumetric ratio of 1O-to-6, respectively, and
later injected into the mold cavity at a constant flow rate. The magnitude of voltage
change across individual fixed resistors was recorded and analyzed in real-time for all
sensing circuits. The resultant temporal voltage changes and voltage time derivatives
obtained for the 18xll sensing grid configuration are provided in Figures 7.2.2 through
7.2.7. This information was obtained at flow rate of 0.477cm3 / sec (0.029in3 / sec).
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The increasing step-like voltage change and spike like voltage gradient patterns,
shown in these figures clearly illustrate 1) the existing non-linear relationship between
voltage change and the number of filled sensing gaps, and 2) the induced effects of time
loading, capacitance, noise, grounding, spatial charge, and polarization. Even though
distinct voltage changes and voltage gradients were identified in these plots, the sensing
scheme still failed to monitor resin arrival at all sensing locations, as shown in Table 7.2.1.
Table 7.2.1: Electronically Sensed Resin Arrival Times Obtained For an 18xll Sensing
Grid.
1 28 22 15 8 15 15 25 27 26 22 13 8 8 6 5 79 93 110
2 55 49 54 14 46 21 50 49 82 39 18 13 93 32 21 87 120 120
3 73 75 96 33 83 48 99 73 109 43 33 33 121 64 52 92 147 :i=~:i: ~:~:~:~:~:~:~:
4 208 214 118 96 121 98 124 109 149 68 39 60 147 94 71 123 171 :~: ~:i:~:~:~:~:!:~:~:
5 234 240 199 120 148 110 149 124 175 107 64 122 172 121 94 194 ~~~~~~~tft~~ !~~~:~tr~~r~
6 260 257 239 147 175 149 176 150 202 149 92 148 197 147 104 ~~fr~iri~~~ ~~;r~rr~r
7 :;:i:;:~:;;;:i:;:~:;: 278 248 175 202 176 202 176 218 175 123 172 219 168 130 :;:;:;:~:};:;:;:;:;: :;:;:;:;:;:~:;:;:;:j:
8 ~:~:;:;:;:;:j:;:i:j: ;:;:;:;:;:;:;:;:;:;:; 277 205 228 202 223 202 252 201 148 199 246 190 216 :;:;:;:j:j:;=;=;:;:j: :;:;:;:;:;:;:;:;:;:;: ~:;:j:;:;:;:;{:;:;:;
d!!!!:!:!!:!!!!!!!!
;;r;!;:;f;t~ 225 272 246 248 228 267 226 174 225 0 206 ~:;;tf;j;;it :.:.:.:.:.:.:.:.:.:.: ;;ittfti; ;rj;r;t~r:;:;:;:;:;:;:;:;:;:;:
~;~;t??t; 262 0 269 269 255 283 248 286 250 0 247 ?jir;:;tl r;ti;i;j;iit r;r;~;;r;;;;; ttt{t~
:;:;:;:t;:;:;:;:;: 0 0 0 0 0 0 0 0 0 0 0 :;:;:;:;:;:;:;:;{:;: ;:;:;:;:;:;:;:;:~:~:~ f~:~:~:~:r~:~:~ :~:~:~:~:~:~:~:f~:
In some cases, the monitoring of flow progression was difficult to attain upon resin
arrival due to unpredictable noise and grounding effects induced by the existing proximity
between a sensor and the mold metal spacer. For the most part, negative voltage drops
were observed as the flow entered a sensing location positioned near the mold spacer
walls. This event is best illustrated by the sudden decrease in voltage and the zero voltage
gradient obtained as the flow advanced through the last sensor contained in each sensing
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circuit. As the flow approached the spacer, most of the charge stored in the resin was
released to ground through this metal spacer which was in tum grounded to avoid voltage
saturation.
In real situations, one can be dealing with one big capacitor consisting of two metal
mold plates and the resin (i.e., resin dielectric properties). For this case, negative voltage
changes are more likely to result as the resin enters a sensing gap. This statement is true
when a grounding mechanism is employed. The case experienced in this investigation
involves the generation a capacitor as the resin flow front connects two opposing metal
surfaces. In this case, the flow enters the mold cavity and impregnates the front end of the
metal spacer. When the flow contacts the back end on the mold spacer, the charge stored
in the resin is released to ground. For instance, sensing circuit #3, as labeled in Figure
7.2.1 (a), experienced a sudden voltage decrease as the resin entered the 4th and 5th
sensing nodes, respectively.
In addition, the increasing effects of capacitance over time and time loading were
quite evident and thus resulted in smaller voltage changes and voltage gradients, which
also contributed to poor sensing system performance. The overall magnitude of voltage
change and voltage gradient were also found to decrease inversely proportional with
respect to the increasing number of filled sensing gaps due to the existing relationship
described in Equation 4.3.1. The combination of noise, capacitance, grounding, space
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charge, and polarization, provided an unfavorable and unpredictable scenario for signal
processing. Therefore, the sensing scheme failed to monitor flow progression at all times.
In light of these shortcomings, the electronic sensing was modified several times to
meet the signal conditions, and hence allow the monitoring of flow in real-time. Because
of the uncertainty involved in the raw signal per sensing circuit, the sensing scheme could
,.
not respond randomly to unexpected fluctuations.
Similar sensing results were obtained for other trials tested under the same
conditions. Therefore, it was concluded that the chosen sensing grid was not appropriate
for the real-time monitoring of flow progression through the electronic sensing scheme
introduced in this investigation. The electronically sensed flow profiles were compared
against the visually recorded flow patterns, as shown in Figure 7.2.8.
123
f'~ Ai " ,""\
\'. '\ . \,.
~. ~ ~ J.Q I .
,'. . ~ ." .
-
..
"
,
-. "'- ~. ·r , --- -.. ", l·:,
-
i -.. i..· -.. -.. ·t-.
~:_~~.':- ~:." : ~: \.t:,
• •• 1••- •••- •••,. .-
....... ... ······Ii;··· •....•- ... ..... :······1··· .~~.... ... .
-.. • e. • e•• : _•• -.''i- -•••
• a. ere. • e. ·~t- ",
;
, ' , • ,I',
• • ••• ..j..' e.
o •••• :.~. ;0 . ::-~ :;- .;.~.. ~ ,:t :..
. ..
: ~ .'.~ .. e. -.. . .J... e.
.: -e. -e. • I...,. t;;l... '
2
3
4
5
6
7
8
9
10
II
12
13
14
15
16
17
18
Sensed Flow Front
Visually Observed Flow Front
QI = Q2 = 0.477 cm 3 / sec (0.029in3 / sec)
I1t =40 sec.
tfill =278 sec.
Figure 7.2.8: Visually Recorded and Electronically Sensed Flow Profiles for a Two-
Dimensional Injection Molding Case Involving an 18xll Sensing Grid.
Based on these results, it was concluded that the monitoring of resin flow progression
through this sensing grid was very unreliable, and thus inappropriate. The overall
performance of such a technique can be, however, improved through the use of
bigger/coarser sensing grid configurations.
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The next step was to test and evaluate the applicability of this sensing technique to
cases involving fewer sensors. Therefore, the 9x6 grid configuration, shown in Figure
7.2.1 (b) was tested. A mixture of resin-to-curing was again prepared at a volumetric ratio
of 1O-to-6 and later injected into the mold cavity at a constant flow rate of 0.477em3 / sec
(0. 029in3 / sec). The resultant voltage change and voltage gradient patterns obtained
during testing are illustrated in Figures 7.2.9 and 7.2.10, respectively.
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Figure 7.2.9: Resultant Temporal Voltage Change versus Time Obtained at a Constant
Flow Rate of 0.477em3 /sec (0.029in3 /sec) for Sensing Circuits: a) #1, b) #2, c) #3, d)
#4, e) #5, f) #6, g) #7. h) #8, and i) #9. as labeled in Figure 7.2.1(b).
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Figure 7.2.10: Resultant Temporal Voltage Change Time Derivative versus Time
Obtained at a Constant Flow Rate of 0.477cm3 / sec (O.029in3 / sec) for Sensing Circuits:
a) #1, b) #2, c) #3, d) #4, e) #5, f) #6, g) #7, h) #8, and i) #9, as labeled in Figure
7.2.l(b).
126
The overall appearance of both voltage change and voltage gradients was much
more linear. clear. and free of noise. Also. the effects of capacitance. spatial charge.
polarization. noise. time loading. and others were less noticeable than that obtained for the
finer sensing grid. The effects of grounding were again observed in terms of sudden
voltage decrease as the resin entered a sensing gap located near the metal mold spacer.
This however. did not affect the overall sensing system performance. The electronic
sensing scheme was therefore found to effectively monitor the arrival of resin at all sensing
locations in real-time. as shown in Figure 7.2.11.
The validation of these results was done via recorded flow visualization with a video
camera. Both. electronically sensed and visually recorded flow profiles were found to
agree closely. as shown in Figure 7.2.11.
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Figure 7.2.11: Electronically Sensed and Visually Observed Flow Fronts at a Constant
Flow Rate of 0.477cm3 / sec (0. 029in3 / sec).
The evaluation of this sensing technique was also performed for other case
involving a higher flow rate, namely, O.795cm3 /sec (O.049in3 /sec). The resultant
voltage change and voltage gradient patterns corresponding to this case were again
recorded and analyzed in real-time, as shown in Figures 7.2.12 and 7.2.13. The overall
appearance of this final output was slightly nosier, but, acceptable.
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Figure 7.2.13: Resultant Temporal Voltage Change Time Derivative versus Time
Obtained at a Constant Flow Rate of O. 795cm3 / sec (O.049in3 / sec) for Sensing Circuits:
a) #1, b) #2, c) #3, d) #4, e) #5, f) #6, g) #7, h) #8, and i) #9, as labeled in Figure
7.2.l(b).
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Even though more noise was introduced at this particular flow rate, the sensing scheme
succeeded to effectively monitor the arrival of resin at all times as shown in, Figure 7.2.14.
The validation of these results was again done via recorded flow visualization with a
video camera. Both electronically sensed and visually recorded flow profiles were found
to agree well, as shown in Figure 7.2.14.
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Figure 7.2.14: Electronically Sensed and Visually Recorded Flow Fronts at a Constant
Flow Rate of O. 795cm3 Isec (0.049in3 Isec).
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The sensors used during this trial were later replaced for a new set of sensors to
evaluate and compare these results. A new set of wires was properly placed in the mold
so as to form the 9x6 orthogonal sensing grid described in Chapter 6. A second trial was
similarly tested at a flow rate of O. 795cm3 / sec (0. 049in3 / sec). The resultant voltage
changes and voltage gradients obtained during this trial are provided in Figures 7.2.15 and
7.2.16.
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Figure 7.2.15: Resultant Temporal Voltage Change versus Time Obtained at a Constant
Flow Rate of O. 795cm3 /sec (0.049in3 /sec) for Sensing Circuits: a) #1, b) #2, c) #3, d)
#4, e) #5, f) #6, g) #7, h) #8, and i) #9, as labeled in Figure 7.2.l(b).
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Figure 7.2.16: Resultant Temporal Voltage Gradient versus Time Obtained at a Constant
Flow Rate of O. 795cm3 / sec (0. 049in3 / sec) for Sensing Circuits: a) #1, b) #2, c) #3, d)
#4, e) #5, f) #6, g) #7, h) #8, and i) #9, as labeled in Figure 7.2.l(b).
The overall signal appearance obtained for this trial was surprisingly found to be
much clearer and less noisier. Significant voltage changes and voltage gradients were
clearly identified upon resin arrival. With this results, it was demonstrated that the signal
appearance can be greatly improved through the use of new sensors. Even though the
effects of capacitance, time loading, and grounding were again found to be somewhat
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noticeable, these did not impede the sensing scheme from monitoring resin arrival at all
multiple sensing gaps, as shown in Figure 7.2.17.
The validation of this technique was done via recorded flow visualization. In this
case, both, electronically sensed and visually recorded flow profiles were found to agree
closely, as shown in Figure 7.2.17.
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Figure 7.2.17: Electronically Sensed and Visually Observed Flow Fronts at a Constant
Flow Rate of O. 795cm3 / sec (O.049in3 / sec).
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In general, it was concluded that the overall perfonnance of this sensing technique
depends on the size of the selected sensing grid and the flow rate. The finer the sensing
grid, the more difficult it was to monitor resin arrival near the end of the mold. Also, the
effects of capacitance, grounding, noise, decreasing magnitude of voltage change, and
others demonstrated to be more pronounced in the finer sensing grid case. Hence, a more
non-linear relationship was obtained under this condition. Similarly, the higher the flow
rate, the more noise there was in the final output, and the more likely it was for the sensing
scheme to fail. Also, the overall signal appearance appeared to improve when new
sensors were used. For the most part, this sensing technique demonstrated to successfully
and effectively sensed multiple flow front profiles for cases involving:
a) lower flow rates,
b) a bigger sensing grid size (Le., 9x6 grid),
c) grounding mechanisms,
d) 65-75% room humidity,
e) a 5° - 10° angle of mold inclination, and
f) a conductive coating on the grid prior to sensing.
The effects of capacitance and noise were substantially reduced in a sensing grid
involving fewer sensors, grounding mechanisms and/or signal conditioning, moderate
room humidity levels, and relatively lower flow rates. Also, when the mold was slightly
tilted at an angle, a more unifonn flow front profile was obtained throughout the filling
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process which in turn allowed the immediate activation of the electronic sensors upon
resin arrival. In addition the use of a conductive coating (i.e., resin/curing agent mixture)
prior to sensing proved to enhance the performance of the system. In this case, the actual
signal response was fast, abrupt, and much clear in the presence of resin. An illustration
of such an event is provided in Figures 7.2.18(a) and (b).
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Figure 7.2.18: Sample Results Obtained for aSensing Circuit Containing a Conductive
Coating prior to sensing: a) voltage change vs. time and b) voltage gradient vs. time.
A much smoother voltage change and voltage gradient representation is rather
obtained when the sensors are not coated prior to sensing. In this case, the changes in
voltage and voltage gradients are less significant, more gradual, and more unclear, as
shown in Figures 7.2.19(a) and (b).
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Figure 7.2.19: Sample Results Obtained for a Sensing Circuit with no Conductive
Coating prior to Sensing: a) voltage change vs. time and b) voltage gradient vs. time.
The infonnation provided in Figures 7.2.18 and 7.2.19 corresponds to the third
sensing circuit contained in the 9x6 sensing grid illustrated in Figure 7.2.1(b). The use of
a conductive coating, such as the resin/curing mixture, demonstrated, for the most part, to
lead to more significant voltage changes and voltage gradient upon resin arrival. The
electronically determined resin arrival times for these two cases are presented in Table
7.2.2. According to these results, the sensing scheme was found to successfully monitor
flow progression at all sensing locations when a conductive coating was used. On the
other hand, the sensing scheme did, however, fail to successfully monitor the arrival of
resin at all six sensing locations for the second case.
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Table 7.2.2: Electronically Sensed Resin Arrival Times Obtained During Sensing for
Sensing Circuit #3, contained in the 9x6 Sensing Grid, in the presence of a) no conductive
coating and b) conductive coating adhered to the sensors prior to injection molding.
BIll__
I 68.3 6.8
2 106.5 48.6
3 132.0 77.4
4 169.9 107.5
5 200.3 148.0
6 0 179.0
The evaluation of the embedded electronic sensing subsystem during injection
molding processes was followed by the verification of the sensing technique during resin
transfer molding processes. The sensing fundamental, experimental details, and testing
procedures are presented in the next chapter.
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CHAPTERS
REAL-TIME RESIN TRANSFER MOLDING SENSING FUNDAMENTALS
The applicability of embedded electronic sensors was further tested and developed
for one- and two-dimensional resin transfer molding cases. In this case, insulated wires
were inserted into non-conductive dry fabric plies (i.e., woven fiberglass layers), to form a
non-intersecting orthogonal sensing grid. A parametric study was then conducted in a
one-dimensional case to optimize the processing conditions for which this technique
responds reliably and accurately during the monitoring of flow in RTM processes. Based
on these results, the performance of this sensing technique was further evaluated in a two-
dimensional RTM case containing multiple one-dimensional RTM sensing circuits.
8.1 Issues Addressed
The presence of multiple dry fabric layers within the mold cavity provides new ways
for spatial sensor placement and material property enhancements. Because of this
freedom, any type of sensing grid configuration can be selected and therefore incorporated
inside the mold cavity for the monitoring of flow progression during RTM processes. The
arbitrary selection of a sensing grid configuration can result in catastrophic results when
the sensing system performance is unknown for a given set of processing conditions.
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Since the overall sensing grid response can be subjected to some variations in the presence
of any given grid size, sensing gap length, flow rate, material conductivity properties, and
others, a parametric study was thus required to both I) understand the sensing signal
behavior for different configurations, and 2) optimize the set of processing conditions for
which the sensing technique responds best.
In the case of resin transfer molding process, the absolute sensing gap length can
vary depending on the number of non-conductive reinforcement fibers placed in between
the wires that make up the sensing grid. Similarly, the transverse size of the sensing grid
can vary as a function of: i) the total number of distributed point sensors required to
monitor flow progression accurately, ii) the part dimensions, iii) flow impregnation
conditions, iv) flow conductivity levels, and others. In any case, the response of the
sensing subsystem will change depending on the selection of these parameters. The fact
remains that the full impregnating contact of a conductive flowing material is always
required at a grid junction for it to induce clear and fast sensor response. All these
parameters need to be considered conjunctively prior to configuring a sensing grid.
Unpredictable situations can always arise when these processing conditions are not
investigated carefully and the sensing subsystem is not appropriately optimized.
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8.2 One-Dimensional RTM Parametric Study
In an effort to contribute to the fundamental understanding and optimization of the
present sensing technique for RTM processes, a quantitative and qualitative evaluation of
the signal appearance and sensor response was carried out as part of the present
investigation. The parameters specifically investigated included: i) sensing gap length, ii)
grid size, iii) flow rate. and iv) flow electrical and viscosity properties of the flow.
An arbitrary set of processing conditions was initially defined and tested. Each of
the targeted processing conditions was varied and tested independently from one another.
The resultant signal outcome was continuously inspected and compared against the
desired sensing output. When both the signal appearance and the sensing response were
found to be unsatisfactory. the parameter settings were modified and tested further. This
iterative process was repeatedly done for each parameter until the overall sensing
subsystem performance was optimized.
In this case, the arbitrary initial set of grid parameters and processing conditions
defmed prior to process optimization was as follows:
a) sensing gap length/number of interlayers: 0.001 m (0.04 in.) / single interlayer,
b) sensor transverse separation: 0.0254 m (1.00 in.),
c) constant flow rate: 0.141 cm3 / sec (0.009 in3 / sec).
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d) volumetric epoxy resin to curing agent ratio: IO-to-6.
Repeated testing under these conditions was continuously performed to check for
consistency of results. Next, the sensing gap length was varied and examined several
times until the worst and best conditions were detected. All other parameters remained
unchanged during this process. Based on the optimized sensing gap length and the
predefined parameters, the next step was to evaluate the effects of sensor transverse
separation during sensing. The best sensor separation was later used in conjunction with
the other parameters to study the effects of using different flow rates during sensing.
Lastly, various resin to curing agent mixture ratios were tested repeatedly until the best set
of sensing results was obtained.
The experimental apparatus and procedure utilized during the RTM study is
described in the remainder of this Chapter. Results obtained during actual
experimentation are presented and discussed in Chapter 9.
8.3 RTM Experimental Details and Testing Procedures
The evaluation of the orthogonal embedded electronic sensing technique was
performed for both one- and two-dimensional resin transfer molding cases. Most of the
instrumentation utilized during experimentation was described in Chapter 6. New molds
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were, however, constructed for each dimensional case. In addition, woven fiberglass
(Hexcel, Model #7587-FI6) preforms were now packed in the mold cavity. These
performs were used to house the orthogonal electronic sensing grid.
A !-D RTM parametric study was first conducted to optimize sensing. Following
this parametric study, a two-dimensional resin transfer molding case, consisting of an
array of multiple one-dimensional sensing circuits, was tested.
...
8.3.1 One-Dimensional Case
The one-dimensional apparatus used for the proof-of-eoncept sensing technique
included a one-dimensional mold with multiple sensors embedded in the preform, a PC-
based data acquisition subsystem, a DC power supply, a notch filter-voltage follower
electronic unit, and a resin feeding subsystem, as depicted in Figure 8.3.1.1.
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Figure 8.3.1.1: One-Dimensional Experimental Set-Up Used For The Verification and
Optimization Process of The Embedded Electronic Sensing Technique.
The mold assembly included two plexiglas plates, one inlet gate, an aluminum spacer, two
neoprene rubber gaskets, and several woven fiberglass plies. The mold and the spacer
dimensions are provided in Figures 8.3.1.2 and 8.3.1.3. Two aluminum spacers were
built to accommodate different gap lengths through the placement of several preforms into
the mold cavity. In addition, a number of wires (i.e., 26 gauge copper) were inserted into
these preforms to form a non-interacting orthogonal sensing grid so as to provide multiple
point sensors at the grid junctions, as shown in Figure 8.3.1.1. This sensing grid was
again insulated every where except at the node junctions.
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Figure 8.3.1.1: One-Dimensional Experimental Set-Up Used For The Verification and
Optimization Process of The Embedded Electronic Sensing Technique.
The mold assembly included two plexiglas plates, one inlet gate, an aluminum spacer, two
neoprene rubber gaskets, and several woven fiberglass plies. The mold and the spacer
dimensions are provided in Figures 8.3.1.2 and 8.3.1.3. Two aluminum spacers were
built to accommodate different gap lengths through the placement of several preforms into
the mold cavity. In addition, a number of wires (Le., 26 gauge copper) were inserted into
these preforms to form a non-interacting orthogonal sensing grid so as to provide multiple
point sensors at the grid junctions, as shown in Figure 8.3.1.1. This sensing grid was
again insulated every where except at the node junctions.
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Figure 8.3.1.2: One-Dimensional Mold Dimensions.
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Figure 8.3.1.3: One-Dimensional RTM Mold Spacer Dimensions.
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Sensing Gap Length
The first task was to investigate the signal response obtained for several sensing gap
lengths. In this case, the number of preform layers stacked into the mold cavity was
varied while the other parameters remained unchanged. Several woven fiberglass plies
were positioned each time in groups of 3, 4, and 5 layers into the mold cavity so as to
provide the following sensing gap lengths: a) O.OOlm (O.040in.) or one interlayer, b)
O.oo2m (O.080in.) or two interlayers, and c) O.oo3m (O.l20in.) or three interlayers,
respectively. The thickness of each of these plies was measured to be approximately
O.oolm (O.040in.). Figure 8.3.1.4(a)-(c) illustrates each of these configurations.
Sensing-_~,."."
Node
Figure 8.3.1.4: Sensing Gap Configurations Tested During The I-D Parametric Study: a)
one inter-ply (O.oolm or O.040in.), b) two inter-plies (O.002m or O.080in.), and c) three
inter-plies (O.oo3m or O.l20in.).
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Transverse Grid Size
The next step was to define the sensing response obtained at different transverse
sensing grid sizes, therefore the number of point sen~ors was varied so as to provide 3, 5,
9, and 16 consecutive point sensors each trial, as depicted in Figure 8.3.1.5(a)-(d). The
resultant outputs obtained for each case were recorded, analyzed, and compared against
other.
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Figure 8.3.1.5: Sensor Grid Size Configurations Tested During the I-D Parametric
Study: a) lx3, b) lx5, c) lx9, and d) lxl6.
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Flow Rates
Based on the optimized sensing gap and grid size, the sensing assembly was then
tested at different flow rate levels, namely, 0.141 em3 /sec (0.009 in3 /sec), 0.353
em3 /sec (0.022 in3 /sec), 0.565 em3 /sec (0.035 in3 /sec), and 0.847 em3 /sec (0.052
in3 / sec). In this case, the flow rates were varied to determine when 1) the fibers and/or
sensors were washed away, and 2) the sensing signal became useless. The resultant
voltage changes were again recorded for each trial, analyzed, and compared against each
other.
Material Conductivity Level
Lastly, the resin/curing mixture was prepared at different volumetric ratios, namely,
lO-to-O, 1O-to-3, 1O-to-6, and lO-to-lO. Each of these resin mixtures was injected into the
mold cavity at the optimized flow rate. Also, the optimized sensing gap and the optimized
grid size were included in this trial. Once again, the voltage changes were recorded for
each trial, analyzed, and compared against each other.
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8.3.2 Two-Dimensional Case
The experimental set-up used for the verification of the orthogonal embedded
electronic sensing grid during a two-dimensional resin transfer molding case is shown in
Figure 8.3.2.1. This set-up included a 2-D mold with embedded sensors in the preforms,
multiple notch filter-voltage follower units, a PC-based data acquisition subsystem, a DC
power supply, a resin feeding subsystem, and a video camera. Most of these components
were used for the 2-D injection molding case, as described in Chapter 6.
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Figure 8.3.2.1: Two-Dimensional Experimental Apparatus Used for RTM.
The mold assembly used during this RTM testing included two plexiglas plates, one metal
spacer, and multiple I-D sensing circuits properly embedded in the woven fiberglass
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prefonns (Hexeel, Model # 7587-FI6). The mold and mold spacer dimensions are
provided in Figures 8.3.2.2 and 8.3.2.3.
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Figure 8.3.2.2: Two-Dimensional RTM Mold: a) Bottom Plate and b) Top Plate.
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Figure 8.3.2.3: Two-Dimensional RTM Mold Spacer.
All these components were properly assembled and then used for the verification of
the sensing technique. The optimized sensing grid sizes and processing conditions
obtained during the 1-D parametric study were tested for this case. The resultant voltage
changes were recorded and analyzed. The validation of these results was done with a
151
video camera via recorded flow visualization. The results obtained during all of the RIM
testing are presented and discussed in Chapter 9.
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CHAPTER 9
RESIN TRANSFER MOLDING RESULTS AND DISCUSSION
The verification of the embedded electronic sensing concept was experimentally
done for both one- and two-dimensional resin transfer molding cases. This chapter
provides the experimental results and discussion related to each case.
9.1 One-Dimensional RTM
As was described in Chapter 8, an experimental investigation of sensing grid sizes
and processing conditions for sensing optimization of a one-dimensional resin transfer
molding case was perfonned. The parameters specifically studied included signal
appearance, sensing gap length, sensing grid size, flow rate, and material conductivity
levels. Each of these parameters was evaluated in individual trials.
9.1.1 Signal Optimization
Voltage signal optimization was initially conducted to decrease the induced effects
of spatial charge, polarization, and capacitance in the system. In this case, the initial set of
processing conditions, previously described in Chapter 8, was tested.
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Prior to experimentation, relatively high voltage readings were detected. Under this
condition, the system was found to reach signal saturation before testing, and thus no
voltage variation was monitored thereafter. A new mold set-up was prepared each time
until a relatively low voltage reading was obtained (Le., 0.5 volts to 2.0 volts). At this
point, a test was performed and the voltage change across the fixed resistor was recorded
continuously. A sample result in the form of temporal voltage and voltage gradient is
,
provided in Figure 9.1.1.1.
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Figure 9.1.1.1: a) Temporal Voltage Change versus Time and b) Temporal Voltage
Gradient versus Time Obtained for a Case Involving a Total of Eight Sensors with a 0.001
m (0.040 in.) Sensing Gap Length.
According to these results, both voltage changes and voltage gradients were found to
decrease gradually over time. These patterns obey the relationship presented in Chapter 4.
For the RTM case, however, an unusual decrease of voltage change was detected. This
steadily decreasing behavior is typical of systems involving notch filters and high
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resistance sources. In this case, the capacitors contained in such filters can often
experience time loading charge effects during acquisition which in turn retain part of the
acquired signal over time. Such effects can therefore affect the overall sensing
performance over an extended period of time. In addition to voltage decrease, unwanted
noise due to spatial charge and polarization effects was detected during sensing. The
electronically sensed and visually recorded resin arrival times were therefore found to
disagree at all times, as shown in Table 9.1.1.1.
Table 9.1.1.1: Electronically Sensed and Visually Recorded Resin Arrival Times
Obtained for a Case Involving a Total of Eight Sensors with a 0.001 m (0.040 in.) Sensing
Gap length.
---I 20 142 121 61
3 127 95
4 lSI 123
5 163 153
6 188 188
7 220
8 253
Further improvements were carried out to enhance the signal appearance during
molding. In this case, an additional grounding resistor was included in the circuit, as
shown in Figure 9.1.1.2, to reduce the effects of capacitance, spatial charge and
polarization.
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DC Power Supply
Figure 9.1.1.2: Additional Grounding Mechanism Used to Decrease The Initial Voltage
Reading and the Effects of Capacitance and Time Loading.
A known resistance was chosen so as to provide relatively low voltage readings prior to
experimentation. In this case, a resistance of won was found to sufficiently decrease
such a signal to about 0.2 volts. The resultant voltage change and voltage gradient
patterns obtained during this trial were, however, very noisy and difficult to visualize, as
shown in Figures 9.l.l.3(a) and (b).
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Figure 9.1.1.3: a) Temporal Voltage Change versus Time and b) Temporal Voltage
Gradient versus Time Obtained for a Case Involving a Total of Eight Sensors with a 0.001
m (0.040 in.) Sensing Gap Length, and an additional Grounding Resistor.
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Even though the initial voltage readings and the effects of time loading, spatial
charge and polarization were substantially decreased, this final output was still
undesirable. In this case, the electronically sensed and visually recorded resin arrival
times were only found to agree up to the fourth sensing location, as shown in Table
9.1.1.2.
Table 9.1.1.2: Electronically Sensed and Visually Recorded Resin Arrival Times
Obtained During a Case Involving a Total of Eight Sensors with a 0.001 m (0.040 in)
Sensing Gap Length and a loon Grounding Resistor.
---I 34 35
2 74 75
3 117 118
4 165 165
5 128 190
6 270 230
7 n2
8 3~
Later, the embedded grid was inspected carefully and found to be unproperly
insulated outside the sensing gap area. This condition can indeed introduce a substantial
amount of noise into the system. Therefore, another test was conducted with a new set of
wires well insulated outside the sensing gap area. The uninsulated cross sectional area
was kept unchanged (i.e., 2.25 cm2 or 0.348 in.2 ). The resultant voltage change and
voltage gradient patterns obtained during this test turned out much clearer and less noisier,
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as shown in Figures 9.1.1.4(a) and (b). The electronically sensed and visually recorded
resin arrival times were also found to agree with each other, as shown in Table 9.1.1.3.
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Figure 9.1.1.4: a) Temporal Voltage Change versus Time and b) Temporal Voltage
Gradient versus Time Obtained with a New Set of Wires and a lOon Grounding Resistor.
Table 9.1.1.3: Electronically Sensed and Visually Recorded Resin Arrival Times
Obtained for a Case Involving a Total of Eight Sensors with a 0.001 m (0.040 in) Sensing
Gap Length and a lOon Grounding Resistor.
35
2 76 76
3 110 110
4 149 150
5 180 185
6 215 210
7 249 250
8 295 300
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Based on these results it was concluded that the monitoring of flow progression
was indeed possible for this configuration. It was also determined that the actual sensing
performance was substantially improved with the proper alignment of sensors, good
sensor conditions, and the use of a grounding resistor.
The use of higher ~ values was, however, found to add more sensitivity to the
system as shown in Figures 9.l.1.5(a) and (b). Both electronically sensed and visually
recorded resin arrival times were, consequently, found to strongly disagree at all times, as
shown in Table 9.1.1.4. Situations like these should be, therefore, avoided.
5.0 0.20
4.5
4.0 ....... 0.15CJ
....... QJ
III 3.5 UJ~
""'-.....0 3.0 fII 0.10f> ~
-
.....
2.5 0III f>
bD 2.0 - 0.05III ~~ 1.5 '0.....0 ~> 1.0 '0 0.00
0.5
0.0 -0.05
0 60 120 180 240 300 360 0 60 120 180 240 300 360
time (sec) time (sec)
a) b)
Figure 9.1.1.5: a) Temporal Voltage Change versus Time and b) Temporal Voltage
Gradient versus Time Obtained with a 1320 Grounding Resistor.
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Table 9.1.1.4: Electronically Sensed and Visually Recorded Resin Arrival Times
Obtained for a Case Involving a Total of Eight sensors with a 0.001 m (0.040 in) Sensing
Gap Length and a 132n Grounding Resistor.
:il:j:jg&1.ii ::::~mll~I'~~I:~jii:i:i:i::::::::II~I:I!.i:llll·j:i·ii::jiiii:ii
1 28 _-..:::25::....- -1
2 33 _----!..:.74-=--- -I
3 34 _....;1:...::1~8-------J
4 35 _....;1~5~0----I
5 36 _....;1:...:.7:::....5----I
6 41 _---=2::::2~1 -I
7 47 _---=2:::5:::....5----I
8 49 _...:2:.;;9.;;;.5 ---I
Following these results. the sensing subsystem was later tested for different
sensing gap lengths. A grounding resistor was occasionally used to reduce the initial
voltage readings when needed.
9.1.2 Sensor Gap Optimization
The sensor gap parametric study was based on the evaluation of the sensing
response obtained for various gaps (i.e.• 0.002 m (0.080 in.); and 0.003 m (0.118 in.) ).
All other parameters (i.e.• grid size. material conductivity level. and flow rate) were kept
unchanged. as defined in Chapter 8. The resultant voltage changes and voltage time
derivatives obtained for a 0.002 m (0.080 in.) gap length during two separate trials. are
provided in Figures 9.1.2.1 and 9.1.2.2.
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Figure 9.1.2.1: a) Temporal Voltage Change versus Time and b) Temporal Voltage
Gradient versus Time Obtained During a First Trial with a 0.002 m (0.080 in.) Sensing
Gap Length.
4.5 0.4
4.0
3.5 0- 0.3Q)
,..... rt:l
III 3.0 ........+' III0 +' 0.2
~ 2.5 0
.t-
v 2.0bO +' 0.1III 1.5 't:l.... :;0
> 1.0 "d 0.0
0.5
0.0 -0.1
0 40 80 120 160 200 240 0 40 80 120 160 200 240
a) time (sec)
time (sec)
b)
Figure 9.1.2.2: a) Temporal Voltage Change versus Time and b) Voltage Gradient versus
Time Obtained During a Second Trial with a 0.002 m (0.080 in.) Sensing Gap Length.
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In both cases, a substantial amount of noise was detected and found to affect the
overall sensing performance. The electronically and visually recorded resin arrival times
were, consequently, found to disagree with each other at all times, as shown in Table
9.1.2.1. In general, the 0.002 m (0.080 in) sensor gap length was found to be very
sensitive to noise and thus not acceptable for sensing purposes.
Table 9.1.2.1: Electronically Sensed and Visually Recorded Resin Arrival Times
Obtained During a First and Second Trials with a 0.OO2m (0.080 in.) Sensing Gap.
-----1 4 30 6 27
2 5 74 7 49
3 7 61 8 75
4 9 98 10 100
5 11 193 12 123
6 13 225 17 149
7 19 259 19 170
8 331 311 22 195
The next step was to test the sensing response obtained with a 0.003m (0.118 in.)
sensor gap while the other parameters remained unchanged. In this case, more preform
layers (i.e., five preforms) were packed tightly into the previously used thick mold cavity
(i.e., 0.3175*10-2 m (0.125 in.)). The resultant voltage changes and voltage time
derivatives obtained upon resin arrival at all sensing nodes, shown in Figure 9.1.2.3, were
in general, very noisy and hardly significant, as expected. The resultant decrease in
preform permeability required higher pressures and in turn longer times to complete the
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impregnation process. Therefore, additional noise was detected during molding. Both,
electronically sensed and visually recorded resin arrival time were found to disagree at all
times, as shown in Table 9.1.2.2.
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Figure 9.1.2.3: a) Temporal Voltage Change versus Time and b) Temporal Voltage
Gradient versus time Obtained for a 0.003 m (0.118 in.) sensing gap length and a
0.3175*10-2 m (0.125 in.) thick mold cavity.
Table 9.1.2.2: Electronically Sensed and Visually Recorded Resin Arrival Times
Obtained for a 0.003 m (0.118 in.) Sensing Gap Length and a 0.3175*10-2 m (0.125 in.)
Thick Mold Cavity.
:ii:::III'.~~I::iii::i:i:.r.'I~I:::ili:li·i:·::I·1111I1fl~I::i·:~ii·:1
1 21 50
2 24 109
3 27 148
4 29 196
5 46 238
6 56 289
7 60 339
8 395 381
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This last configuration was later tested for a thicker mold cavity. In this case, a
secondary mold spacer (i.e., 0.3175*10-2 m or 0.125 in.) was used so as to provide a
0.476* 10'2 m (0.1875 in.) thick mold cavity. The preforms were less tightly packed and
hence faster and more uniform resin impregnation and less noise was expected. The
resultant voltage change and voltage change gradient trends were found to be less noisy
and much clearer as shown in Figures 9.1.2.4.
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Figure 9.1.2.4: a) Temporal Voltage Change versus Time and b) Temporal Voltage
Gradient versus Time Obtained with a 0.003 m (0.118 in.) Sensing Gap Length and a
0.476*10'2 m (0.1875 in.) Thick Mold Cavity.
Even though the step-like voltage change and spike-like voltage gradient patterns
were more pronounced and easier to distinguish at first glance than the previous trials, the
overall sensing response was still poor. The electrically determined and visually recorded
resin arrival times were found to disagree at all times as shown in Table 9.1.2.3.
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Table 9.1.2.3: Electronically Sensed and Visually Recorded Resin Arrival Times
Obtained for a Case with a 0.003 m (0.118 in.) Sensor Gap Length and a 0.476*10-2 m
(0.1875 in.) Thick Mold Cavity.
I 6 38
2 13 82
3 16 122
4 24 158
5 35 194
6 45 229
7 52 267
8 272 296
According to these results it was concluded that the sensing performance was
worsened with increasing sensor gap length. In addition, the initial voltage reading was
more difficult to control with the larger gap lengths. Also, sensor offset and undesirable
humidity levels were found to introduce undesirable signals and thus affect the sensing
subsystem performance. When the sensors were not properly aligned, a signal offset was
detected rather than an abrupt voltage change. Also, very high and very low humidity
levels were observed to induce more spatial charge and polarization effects in cases
involving larger sensing gaps. Sensing optimization was, therefore, attained at a 0.001 m
(0.040 in.) sensing gap length for the given configuration. In general, the closer the gap,
the less noise and capacitance interference was obtained, and the better the sensing
response.
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9.1.3 Sensor Transverse Grid Size Optimization
The sensor transverse grid size parametric study was based on the evaluation of
the sensing response obtained for various sensing grid sizes. For this case, the optimized
sensor gap length was used while all other parameters remained the same as defined in
Chapter 8. A total of three. five. nine, and sixteen embedded electronic point sensors were
tested and analyzed separately. The results obtained for each of these cases are provided
and discussed in the upcoming sections.
9.1.3.1 Three Embedded Electronic Point Sensor Configuration
Initially, a sensing grid consisting of three sensors was embedded into the
prefonns, as described in Chapter 8. The resultant voltage change and voltage time
derivative trends obtained for a first trial are provided in Figures 9.1.3. l.1(a) and (b).
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Figure 9.1.3.1.1: a) Temporal Voltage Change versus Time and b) Temporal Voltage
Gradient versus Time Obtained During a First Trial with a Total of Three Embedded
Electronic Point Sensors Spaced 0.114 m (4.500 in.) apart.
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The voltage change and the voltage time derivative patterns were found to be
somewhat noisy and thus unsuitable. In this case, the use of a grounding resistor, (i.e.,
~= 60.00) was required to avoid signal saturation at the notch filter-voltage follower
unit. Under these conditions, however, the system was found to be very sensitive to noise.
This noise pattern was more evident between sensors 2 and 3 due to the fiber
displacement detected as the flow went passed the second sensor. Even though this noise
was substantially eliminated with the aid of the electronic sensing scheme, as shown in
Figure 9.103.l.1(b), the system failed to detect the arrival of resin at the second and third
sensing locations. The sensors and the preforms were later inspected and found to be
improperly aligned and misplaced within the mold cavity. Therefore, poor agreement
between the electronically sensed and visually recorded resin arrival times was expected,
as shown in Table 9.103.1.1.
Table 9.1.3.1.1: Electronically Sensed and Visually Recorded Resin Arrival Times
Obtained During a First Trial with a Total of Three Embedded Electronic Point Sensors
Spaced 0.114 m (4.500 in.) apart.
••1 46 492 M8
3 ~O
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Another example of improper sensor alignment is illustrated by the results
obtained in a second trial. as shown in Figures 9.103.1.2(a) and (b). In this case. the first
two sensing locations were not properly aligned and thus unsatisfactory results were
obtained at these locations upon resin arrival. This second trial was tested with a 40. on
grounding resistance (Le.• ~) which was found to sufficiently decrease the initial voltage
reading to about 0.9 volts. The resultant voltage change and :ivoltage gradient trends.
shown in Figures 9.103.1.2. were. in general, very unclear and hence unsatisfactory. In
this case, a signal offset behavior was detected for the first two sensing locations due
sensor offset. However. the sensing response obtained at the third sensing location was
more acceptable. The electronically sensed and visually recorded resin arrival times were
consequently found to disagree for the first two sensors and to agree more closely for the
third sensing location. as shown in Table 9.1.3.1.2.
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Figure 9.1.3.1.2: a) Temporal Voltage Change versus Time and b) Temporal Voltage
Gradient versus Time Obtained During a Second Trial with a Sensing Grid Containing a
Total of Three Embedded Electronic Point Sensors Spaced 0.114 m (4.500 in.) apart.
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Table 9.1.3.1.2: Electronically Sensed and Visually Recorded Resin Arrival Times
Obtained During a Second Trial with a Total of Three Embedded Electronic Point Sensors
Spaced 0.114 m (4.5000 in.) apart.
••20 412 41 126
3 230 211
A third attempt for obtaining proper sensor alignment was again performed. In
this case, a 40. on resistance (i.e., ~) was again found to decrease the initial voltage
signal substantially. The resultant voltage change and voltage time derivative trends
obtained during this trial are provided in Figures 9.1.3.l.3(a) and (b).
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Figure 9.1.3.1.3: a) Temporal Voltage Change versus Time and b) Temporal Voltage
Gradient versus Time Obtained During a Third Trial with a Total of Three Embedded
Electronic Point Sensors Spaced 0.114 m (4.500 in.) apart.
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Even though more satisfactory results were obtained for this trial, the overall signal
appearance was still somewhat noisy and therefore undesirable for sensing. The
electronically determined and visually recorded resin arrival times were, consequently,
found to disagree, as shown in Table 9.1.3.1.3.
Table 9.1.3.1.3: Electronically Sensed and Visually Recorded Resin Arrival Times
Obtained For a Third Trial with a Total of Three Embedded Electronic Point Sensors
Spaced 0.114 m (4.500 in.) apart.
••
2
3
18
26
28
32
123
208
Further improvements were obtained in a fourth trial as the uninsulated cross
sectional area was decreased by 56%, (Le., from 1.5*10-2 m(0.59 in.) by 1.5*10-2 m (0.59
in.) to 1.00*10-2 m (0.39 in.) by 1.00*10-2 m (0.39 in.)) so as i) to provide more discrete
local voltage measurements upon resin arrival and ii) to avoid noise interference. In
addition to this, the preforms were thoroughly dried before placing them into the mold
cavity and ~ was set to zero. The overall appearance of the step-like voltage change and
spike-like voltage change gradient patterns were significantly improved, as shown in
Figures 9.1.3.1.4(a) and (b).
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Figure 9.1.3.1.4: a) Temporal Voltage Change versus Time and b) Temporal Voltage
Gradient versus Time Obtained During a Fourth Trial with a Sensing Grid Containing a
Total of Three Embedded Electronic Point Sensors Spaced 0.114 m (4.500 in.) apart.
The sudden voltage decrease obtained right before the resin entered a sensing gap was due
to the induced effects of grounding and capacitance. In this case, even though such effects
were detected in the final output, they were not strong enough to affect the final output.
Consequently, the electronically sensed and visually recorded resin arrival times were
found to agree well at all times, as shown in Table 9.1.3.1.4.
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Table 9.1.3.1.4: Electronically Sensed and Visually Recorded Resin Arrival Times
Obtained During a Fourth Trial with a Total of Three Embedded Electronic Point Sensors
Spaced 0.114 m (4.500 in.).
••
2
3
19
109
200
19
109
194
According to these results, it was concluded that the overall sensing performance
improves significantly in the presence of smaller uninsulated cross-sectional areas,
moderate humidity levels (Le., 65-75%), and no grounding resistors (Le., ~). The use of
grounding resistors is more appropriate and useful for cases involving relatively large
uninsulated cross-sectional areas, moderate humidity and low noise levels.
The next step was to test the effects of using an even smaller sensing grid size
during sensing. The experimental results obtained for this sensing grid size are presented
and discussed in the next section.
9.1.3.2 Five Embedded Electronic Point Sensor Configuration.
The sensing grid size was further decreased so as to provide a total of five sensing
locations each of which was 0.051m (2.00 in.) apart from each other. For this case, the
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chosen uninsulated cross-sectional area was 1.00 cm2 (.155 in2.). The resultant voltage
change and voltage time derivative trends obtained during two separate trials are provided
in Figures 9.1.3.2.1 and 9.1.3.2.2. In this case, the sensors and the preforms were
properly dried, aligned, and packed into the mold cavity (i.e., 0.3175*10.2 m (0.125 in.) x
29.21 *10-2 m (11.5 in.»). Despite the high initial voltage obtained prior to testing, the
overall signal appearance involved very little noise. This initial reading was rapidly
neutralized in the presence of resin. Both voltage change and voltage time derivative
patterns were quite clear and thus satisfactory for sensing purposes.
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Figure 9.1.3.2.1: a) Temporal Voltage Change versus Time and b) Temporal Voltage
Gradient versus Time Obtained During a First Trial with a Sensing Grid Containing a
Total of Five Embedded Electronic Point Sensors Spaced 0.051 m (2.000 in.) apart.
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Figure 9.1.3.2.2: a) Temporal Voltage Change versus Time and b) Temporal Voltage
Gradient versus Time Obtained During a Second Trial with a Sensing Grid Containing a
Total of Five Embedded Electronic Point Sensors Spaced 0.051 m (2.000 in.) apart.
In this case, the effects of spatial charge, capacitance, polarization, time loading,
and others were significantly decreased with the chosen uninsulated cross-sectional area.
Even though grounding effects were again detected, between sensors, in tenns of voltage
decrease, the overall sensing perfonnance was not, however, affected, as shown in Table
9.1.3.2.1.
Table 9.1.3.2.1: Electronically Sensed and Visually Recorded Resin Arrival Times
Obtained During a First and Second Trials with a Total of Five Sensing Locations Spaced
0.051 m (2.00 in.) apart.
•••••1 22 22 22 22
2 64 64 72 72
3 105 105 120 120
4 150 150 167 167
5 195 195 216 216
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Based on these results, it was concluded that the monitoring of resin flow was
possible for cases involving five embedded electronic point sensors evenly spaced by
0.051 m (2.00 in.) apart. Once again, the sensing system response was found to improve
with decreasing uninsulated cross-sectional area and optimum preform humidity levels
(i.e., 65%-75%). Following these results, a smaller sensing grid was tested and analyzed
in the next section.
9.1.3.3 Nine Embedded Electronic Point Sensor Configuration
The sensing grid size was further decreased so as to provide a total of nine sensors
each of which was 0.0254 m (1.00 in.) apart from each other while the other parameters
remained unchanged. The sensors were again properly aligned, dried, and placed into the
mold cavity. The alignmeI1t of multiple sensors was, for this case, more difficult. The
chosen uninsulated cross-sectional area was 1.27*10,2 m (0.5 in.) x 1.27*10,2 m (0.5 in.).
Several trials were again performed to evaluate the effects of using this particular grid size
during sensing. The resultant voltage change and voltage time derivative patterns are
shown in Figures 9.1.3.3.1 through 9.1.3.3.3.
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Figure 9.1.3.3.1: a) Temporal Voltage Change versus Time and b) Temporal Voltage
Time Derivative versus Time Patterns Obtained During a First Trial with a Sensing
. Circuit Containing a Total of Nine Sensors Spaced 0.0254 m (1.00 in.) apart.
According to these results, the overall signal appearance of both step-like voltage
and spike-like voltage gradient patterns was in general noisy, and thus undesirable. The
electronically sensed and visually recorded resin arrival times were found to disagree, as
shown in Table 9.1.3.3.1.
Table 9.1.3.3.1: Electronically Sensed and Visually Recorded Resin Arrival Times
During a First Trial with a Total of Nine Embedded Electronic Point Sensors Spaced
0.0254 m (1.00 in.) apart.
---I 27 27
2 52 62
4 82 102
5 91 125
6 102 159
7 115 180
8 125 230
9 145 248
The electronically sensed and visually recorded resin arrival times corresponding to
sensors 2 through 9 did not agree with each other because of noise and improper sensor
alignment.
This configuration was tested again in a second trial with all nine sensors. In this
case, the uninsulated cross-sectional area was further decreased to 1.00*10-2 m (0.5 in.) x
1.00*10-2 m (0.5 in.). The resultant voltage changes and voltage time derivatives are
provided in Figures 9.1.3.3.2(a) and (b).
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Figure 9.1.3.3.2: a) Temporal Voltage Change versus Time and b) Temporal Voltage
Time Derivative versus Time Patterns Obtained During a Second Trial with a Sensing
Circuit Containing a Total of Nine Sensors Spaced 0.0254 m (1.00 in.) apart.
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The overall voltage trend appeared to decrease over time due to the charge stored
in the prefonns prior to resin injection. Even though the initial voltage reading was
relatively high (i.e.• 4.92 volts). very little noise was detected in the final output and
therefore the system was found to work satisfactorily for all sensing locations except for
the first sensor which was later inspected and found to be improperly aligned. In this case.
electronically sensed and visually recorded resin arrival times agreed at all times for
sensors 2 through 9. as shown in Table 9.1.3.3.2.
Table 9.1.3.3.2: Electronically Sensed and Visually Recorded Resin Arrival Times
Obtained During a Second Trial with a Total of Nine Embedded Electronic Point Sensors
Spaced 0.0254 m (1.00 in.) apart.
111111'1111111111111111111111111111.111111:111111111111llllul"1111111111111
1 U
2 ~ ~
3 ~ M
4 ~ ~
5 109 111
6 134 134
7 158 159
8 184 185
9 213 213
A third trial was tested under the same parametric conditions. The chosen
uninsulated cross-sectional area was again 1.00*10-2 m (0.5 in.) x 1.00*10-2 m (0.5 in.).
The resultant voltage change and voltage time derivative patterns, shown in Figures
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9.103o3o3(a) and (b) involved very little noise and demonstrated, once again, to be suitable
for sensing purposes. as shown in Table 9.1030303.
5.0 0.5
4.5
4.0
---
0.4
C)
---
3.5 ellIII UJ 0..3.....
"- 3.0 III0 .....> 2.5 -...... 0 0.2
ell >
t:lll 2.0 ......
til ..... 0.1
..... 1.5 'd
-
"
0
> 1.0 > 0.0'd
0.5
0.0 -0.1
0 50 100 150 200 250 0 50 .100 150 200 250
time (sec) time (sec)
a) b)
Figure 9.1.3.3.3: a) Temporal Voltage Change versus Time and b) Temporal Voltage
Time Derivative versus Time Patterns Obtained During a Third Trial with a Sensing
Circuit Containing a Total of Nine Sensors Spaced 0.0254 m (1.00 in.) apart.
In this case, more optimum humidity levels were attained and therefore the initial
voltage reading was measured to be much lower than that obtained in trials #1 and #2.
Also, the sensors were found to be well aligned. Under this conditions, an increasing
voltage change pattern was obtained. The decreasing behavior of voltage change between
sensors was also found to be less abrupt. Also, the effects of capacitance were more
pronounced with the increasing number of filled sensing gaps. In general, the overall
voltage change pattern was much clearer and less noisy than trials #1 and #2.
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Table 9.1.3.3.3: Electronically Sensed and Visually Recorded Resin Arrival Times
Obtained During a Third Trial with a Total of Nine Embedded Electronic Point Sensors
Spaced 0.0254 m (1.00 in.) apart.
---I 37 37
2 58 58
4 101 101
5 120 120
6 140 140
7 160 161
8 184 184
9 207 207
According to these results, it was concluded that an additional charge is generated
and stored in preforms containing smaller grid sizes. The lower the charge, the better the
voltage appearance is and the less decrease in voltage there is between sensors. This
statement is true for when the sensors are well aligned and the humidity levels are
favorable. The voltage decrease measured between sensors was accounted for by the
induced effects of grounding and capacitance. Also, this decreasing voltage behavior was
found to be more pronounced when relatively high initial voltage reading were detected
prior to experimentation. In addition, the theory of using more discrete uninsulated cross-
sectional area proved to also work efficiently for the nine point grid configuration. In
general, the overall sensing response was significantly improved with smaller uninsulated
cross-sectional areas. However, the smaller the uninsulated cross-sectional area, the more
difficult it was to align the sensors correctly. The voltage decrease measured between
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sensors was accounted for by grounding and capacitance effects and found to be more
pronounced when the initial voltage reading relatively high.
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9.1.3.4 Sixteen Embedded Electronic Point Sensor Configuration
More testing was perfonned for a case involving a total of sixteen embedded
electronic sensors positioned 1.27*10-2 m (0.50 in.) apart. Since the sensors were much
closer to each other, an even smaller uninsulated cross-sectional area was required. The
wires were notched carefully so as to provide a 75% reduced cross sectional area (i.e.,
from 1.00 cm2 (0.155 in2) to 0.25 cm2 (0.0387 in2)). In this case, the proper alignment
of sensors was more difficult to obtain and/or control. The resultant voltage change and
voltage time derivative patterns obtained during testing, shown in Figures 9.1.3.4.l(a) and
(b), were, in general, acceptable for sensing purposes.
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Figure 9.1.3.4.1: a) Temporal Voltage Change versus Time and b) Temporal Voltage
Gradient versus Time Obtained for a Case Involving a Total of Sixteen Sensors Positioned
1.27*1O·2 m (0.50 in.).
182
Even though the induced effects of capacitance, spatial charge and polarization were
somewhat pronounced, the overall sensing subsystem was not affected. Both
electronically sensed and visually recorded resin arrival times were found to agree well, as
shown in Table 9.1.3.4.1.
Table 9.1.3.4.1: Electronically Sensed and Visually Recorded Resin Arrival Times For A
Case Involving a Total of Sixteen Embedded Electronic Point Sensors positioned
1.27*10-2 m (0.50 in.) apart.
:!·:!g!,~!!;:II:I:!:::il.I.III •.:II::::I·II·I:i::II~ril.1:1:11:1111
I 32 32
2 M M
3 51 55
5 M n
6 91 91
7 104 104
8 116 117
9 133 133
10 150 149
11 163 162
12 182 181
13 199 198
14 220 219
15 238 236
16 258 258
According to these-results, it was also concluded that the induced effects of spatial
charge, polarization, and time loading increase with decreasing sensing grid size. The
closer the sensors are with respect to each other, the more capacitance effects there are. In
general, this sensing technique proved to effectively monitor the resin flow dynamics for
all the RTM cases presented here as long as there were satisfactory processing conditions.
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The next step was to evaluate the effects of using different flow rates during sensing.
The experimental results obtained for these trials are presented and discussed in the next
section.
9.1.4 Flow Rate Optimization
A flow rate parametric study was performed to evaluate the sensing subsystem
response for different flow rates, namely, 0.141cm3 / sec (0. 009in3 / sec), O.353cm3 / sec
(O.022in3 /sec), O.565cm3 /sec (O.035in 3 /sec), and O.847cm3 /sec (O.052in 3 /sec).
Even though the monitoring of resin progression was demonstrated to work effectively for
all sensing grid configurations, the nine sensor grid size was selected for this purpose
because it provided both, a reasonable number of point sensors and good sensing
capabilities. The resultant voltage change and voltage time derivative patterns obtained at
these flow rates are provided in Figures 9.1.4.1 through 9.1.4.4. The information
provided in Figure 9.1.4.1 was obtained at a constant flow rate of 0.14lcm3 / sec
(O.009in 3 /sec).
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Figure 9.1.4.1: a) Temporal Voltage Change versus Time and b) Temporal Voltage Time
Derivative versus Time Obtained at a Constant Flow Rate of O.l4lcm3 / sec
(O.009in3 /sec).
Even though the effects of capacitance were somewhat noticeable, the arrival of resin was
clearly identified at all sensing locations. All nine sensing locations were successfully
monitored using the electronic sensing scheme, as shown in Table 9.1.4.1.
Table 9.1.4.1: Electronically and Visually Recorded Resin Arrival Times Obtained at a
Constant Flow Rate of O.14lcm3 /sec (O.009in 3 /sec).
---I 40 ~
2 63 63
3 91 91
4 112 113
5 137 138
6 158 158
7 183 183
8 208 208
9 233 233
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A second test was conducted at a higher flow rate of O. 353cm3 / sec (0. 022in3 / sec).
The resultant voltage change and voltage gradient trends are provided in Figures
9.1.4.2(a) and (b).
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Figure 9.1.4.2: a) Temporal Voltage Change versus Time and b) Temporal Voltage Time
Derivative versus Time Obtained at a Constant Flow Rate of O. 353cm3 / sec
(O.022in3 /sec).
According to these results, the step-like voltage change trend was, in general, much
smoother and linear, however, some noise was introduced at the end of the process which
in tum affected the monitoring of flow progression. At this point, the fibers and the
sensors were observed to move in the direction of the flow which in tum generated noise.
Also, the overall magnitude of voltage change between sensors was found to decrease as
the resin entered more sensing gaps. Despite the induced effects of grounding and
capacitance detected during testing, the electronic scheme sensed the arrival of resin at all
sensing locations successfully, except for the last one location. At this point the noise was
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critical. The electronically sensed and visually recorded resin arrival times corresponding
to this test are listed in Table 9.1.4.2.
Table 9.1.4.2: Electronically and Visually Recorded Resin Arrival Times Obtained at a
Constant Flow Rate of O. 353cm3 / sec (0. 022in3 / sec).
!1!il.~llillj::II!~!1'141111111!!IIIIII.llllIII111!1
1 14 14
2 24 23
3 32 32
4 39 40
5 48 48
6 55 55
7 64 64
8 68 68
9 89 78
The flow rate was further increased to O. 565cm3 / sec (0. 035in3 / sec). Even though
the resultant voltage change and voltage gradient patterns, shown in Figures 9.1.4.3, were
acceptable, more noise was introduced at earlier stages of resin filling. In this case, the
fibers and the sensors were found to move in the direction of the flow as the resin
advanced through the fifth sensing location. Also, the decrease in voltage was less
accentuated and the actual voltage changes were more pronounced upon resin arrival.
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Figure 9.1.4.3: a) Temporal Voltage Change versus Time and b) Temporal Voltage Time
Derivative versus Time Obtained at a Constant Flow Rate of O. 565cm3 / sec
(O.035in 3 /sec).
Even though this signal was much clearer, the sensing scheme failed to monitor the
progression of flow after the fourth sensing node. At this point, the overall magnitude of
voltage change was found to decrease gradually. Also, more noise and grounding effects
were detected. The electronically sensed and visually recorded resin arrival times are
listed in Table 9.1.4.3. The overall sensing performance was, in general, marginal.
Table 9.1.4.3: Electronically and Visually Recorded Resin Arrival Times Obtained at a
Constant Flow Rate of O.565cm3 /sec (O.035in 3 /sec) .
• _l1li
1 6 6
2 13 13
3 20 19
4 26 23
5 32 26
6 34 38
7 38 46
8 40 52
9 41 56
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A final test was perfonned at a flow rate of O. 847cm3 / sec (0. 052in3 / sec). The
resultant voltage change and voltage gradient trends corresponding to this trial are
provided in Figures 9.1.4.4(a) and (b). The overall step-like voltage change and spike-like
voltage gradient trends were very noisy and unclear.
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Figure 9.1.4.4: a) Temporal Voltage Change versus Time and b) Temporal Voltage Time
Derivative versus Time Obtained at a Constant Flow Rate of 0.847cm3 / sec
(O.052in 3 /sec).
In this case, non-unifonn resin impregnation was detected during sensing which in
turn introduced a substantial amount of noise. Also, the sensors and the prefonns were
swept away in the direction of the flow soon after the resin was injected into the mold.
Poor sensing perfonnance was hence obtained. Both electronically sensed and visually
recorded resin arrival times were found to disagree, as shown in Table 9.1.4.4. The
sensing scheme did, however, succeed in monitoring the arrival of resin for the first
sensing location only. any further infonnation was useless.
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Table 9.1.4.4: Electronically and Visually Recorded Resin Arrival Times Obtained at a
Constant Flow Rate of 0.847cm3 / sec (0. 052in 3 / sec) .
• ~--1 5 5
2 7 9
3 9 17
4 14 22
5 16 28
6 17 30
7 18 32
8 22 34
9 23 41
According to these results, it was concluded that the overall sensing perfonnance
decreases with increasing flow rates. Poorer resin impregnation into the prefonns results
at higher flow rates which in tum affects the overall sensor system response and the actual
flow visualization. In addition, more noise and fiber displacement is likely to occur under
these circumstances. Also, the effects of capacitance are less accentuated at higher flow
rates and thus more linear relationships are obtained.
The last parametric study was based on the evaluation of the effects of using
different volumetric mixture compositions during sensing. The experimental results
obtained for this parametric study are presented and discussed in the next section.
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9.1.5 Resin Mixture Composition Optimization
The last parametric study consisted of the evaluation of the sensing response for
different resin-to-curing agent mixture ratios. The sensing configuration used during
testing consisted of a mold set-up with three prefonns (i.e., O.OOlm or 0.039 in. sensing
gap) and a 1-0 nine-sensing grid. Various resin mixtures were injected into the mold
cavity at a constant flow rate of 0.141cm3 / sec (0. 009inJ / sec). The volumetric mixture
ratios selected for this study were: 10:0, 10:3, 10:6, and 10:10, resin-to-curing agent,
respectively. The resultant voltage change and voltage gradient patterns obtained during
this parametric study are provided in Figures 9.1.5.1 through 9.1.5.4. The first trial
involved all resin (i.e., a mixture volumetric ratio composition of lO-to-O, resin-to-curing
agent). The resultant voltage change and voltage gradient trends obtained for this trial are
provided in Figures 9.1.5.1 (a) and (b), respectively.
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Figure 9.1.5.1: a) Temporal Voltage Change versus Time and b) Temporal Voltage
Gradient versus Time Obtained with a Volumetric Mixture Ratio of 10:0.
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According to these results. no significant voltage changes or voltage gradient were
detected at the sensing locations upon resin arrival. The increasing non-linear relationship
obtained for both temporal voltage change and voltage gradient plots resulted from the
high resin resistance. In this case. the overall resin resistance. ~. was predominant, and
therefore the voltage increased non-linearly with the increasing number of filled sensing
gaps over time. Also, the resin impregnation process was rather slow and non-uniform at
each sensing location, hence causing poor signal activation and flow visualization. Some
noise was also detected as the resin advanced through the fibers. In general, the overall
signal appearance was rather poor. Therefore, the electronically sensed and visually
recorded resin arrival times were found to disagree at all times, as shown in Table 9.1.5.1.
Table 9.1.5.1: Electronically Sensed and Visually Recorded Times Obtained with a
Volumetric Mixture Ratio of IO-to-O.
---I 330 402 334 60
3 337 90
4 140
5 170
6 205
7 250
8 292
9 330
Following these results. a small amount of curing agent was mixed with resin in a
second test. In this case, the volumetric mixture composition was ID-to-3, resin-to-curing
192
agent. The resultant voltage change and voltage gradient trends are provided in Figures
9.l.5.2(a) and (b), respectively.
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Figure 9.1.5.2: a) Temporal Voltage Change versus Time and b) Temporal Voltage
Gradient versus Time Obtained with a Volumetric Mixture Ratio Composition of lO-to-3.
Even though this new mixture composition was more conductive than the previous
case, the overall signal appearance was not considerably improved. The voltage was again
found to increase non-linearly with the increasing number of filled sensing gaps. In this
case, more distinct voltage changes and voltage time derivatives and less noise were
sensed as the flow advanced through the mold, as shown in Table 9.1.5.2. However, the
overall signal appearance was still not suitable for sensing purposes. The electronically
sensed and visually recorded resin arrival times were, therefore, found to disagree at all
times.
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Table 9.1.5.2: Electronically Sensed and Visually Recorded Resin Arrival Times
Obtained with a Volumetric Mixture Ratio of ID-to-3.
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3
4
5
6
7
8
9
200
213
273
77
104
128
153
176
202
228
25
The addition of more curing agent was found to significantly improve the overall
step-like voltage change and spike-like voltage gradient behavior, as shown in Figures
9.1.5.3(a) and (b). In this case, a 1O-to-6 volumetric resin-to-curing ratio was prepared
and tested.
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Figure 9.1.5.3: a) Temporal Voltage Change versus Time and b) Temporal Voltage
Gradient versus Time Obtained with a Volumetric Mixture Ratio Composition of 10 -to-6.
The voltage was found to increase non-linearly as a function of both ~ (i.e., fixed
resistance) and Rz (i.e., resin resistance). Even though less noise was detected, the effects
of capacitance and others were now more evident than that obtained with previous
mixtures. Because of the lower viscosity, resin impregnation was also more uniform
which in turn allowed for better. cleaner, and faster sensor activation, and clearer flow
visualization. The arrival of resin flow was successfully monitored at all times. The
electronically sensed and visually recorded resin arrival times obtained for this trial are
listed in Table 9.1.5.3.
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Table 9.1.5.3: Electronically Sensed and Visually Recorded Resin Arrival Times
Obtained with a Volumetric Mixture Ratio of 10-to-6.
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Lastly, equal volumetric amounts of resin and curing agent were combined and
injected into the mold cavity. The resultant voltage change and voltage gradient, provided
in Figures 9.1.5.4(a) and (b), showed 1) a more linear step-like and spike-like trends, 2)
more noise, and 3) less grounding and capacitance effects. In this case, the effects of ~
were more pronounced, therefore linear voltage changes resulted over time as more
sensing gaps were filled.
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Figure 9.1.5.4: a) Temporal Voltage Change versus Time and b) Temporal Voltage
Gradient versus Time Obtained with a Volumetric Mixture Ratio Composition of 10:10.
According to these results, a substantial amount of noise was found to greatly affect the
voltage change and voltage gradient trends, and thus the sensing performance. The
induced effects of spatial charge and polarization were quite accentuated for this particular
volumetric ratio. Both electronically determined and visually recorded resin arrival times
were, therefore, found to disagree at all times due to noise, as shown in Table 9.1.5.4.
Table 9.1.5.4: Electronically Sensed and Visually Recorded resin Arrival Times Obtained
with a Volumetric Mixture Ratio of lO-to-lO.
II!I__
1 35 40
3 61 84
4 97 110
5 103 138
6 114 155
7 123 188
8 138 218
9 155 234
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According to these results, it was concluded that thicker and less conductive
resin/curing agent mixtures led to poorer resin impregnation, more noise, and
unsatisfactory sensing response. In such cases, the voltage was also found to increase
non-linearly with increasing ~ over time. On the other hand, thinner and more conductive
volumetric mixtures led to more linear sensing signals and more noise. Also, the non-
linear effects of capacitance were substantially decreased with increasing material
...• ~..,.:
conductivity. The effects of spatial charge and polarization were, however, more
pronounced for these cases. The best sensing performance was, however, obtained with a
mixture composition of lO-to-6.
Based on the results obtained during the one-dimensional parametric study, a 2-D
RTM case was prepared, tested, and analyzed. The experimental results obtained during
sensing are presented and discussed in the next section.
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9.2 Two-Dimensional RTM
Following the one-dimensional RTM sensing parametric study, the sensing
technique was now tested for a two-dimensional resin transfer molding case. A mixture of
resin-to-curing agent was prepared at a volumetric ratio of 1O-to-6 and injected into a
mold cavity at a constant flow rate of O.192cm3 / sec (0.012in3 / sec ). A total of three
woven fiberglass plies were properly dried and placed into the mold cavity as described in
Chapter 8. Five one-dimensional sensing circuits were embedded in these preforms so as
to provide a total of 25 sensors, as shown in Figure 9.2.1. Each of these one-dimensional
sensing circuits contained a total of five embedded electronic point sensors.
!
- ·····f··········· ·_·········l···········t·········t··_········
Figure 9.2.1: Two-Dimensional Sensing Grid Configuration Used During RTM.
All 25 point sensors were used during testing. The resultant voltage changes and voltage
gradients corresponding to all five sensing circuits are depicted in Figure 9.2.2.
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Figure 9.2.2: Resultant Voltage Change and Voltage Gradient versus Time Obtained
During a Two-Dimensional RTM Case Consisting of 25 embedded electronic sensors.
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The infonnation provided in Figures 9.2.2(a) and (b), (c) and (d), (e) and (f), (g) and (h),
and (i) and U) corresponds to the voltage change and the voltage gradients obtained for
sensing circuits #1, #2, #3, #4, and #5, as labeled in Figure 9.2.1, respectively. The
voltage change and voltage gradient trend were found to be acceptable. The arrival of
resin was, therefore, clearly monitored at all five sensing locations per sensing circuit.
Even though the initial signal was relatively high, it was still rapidly neutralized upon resin
injection. While this was happening some signal instability and signal offset was detected
in the initial stage of sensing for all sensing circuits. The sensing grid was inspected after
experimentation. IN this case, the first sensor contained in each sensing circuit was found
to be offset, therefore a signal offset was observed. Also, the effects of grounding were
not crucial and very little voltage decrease was observed between sensors. Even though
the effects of capacitance were somewhat accentuated, the overall se~sing scheme
performance was found to work effectively for the monitoring of resin flow progression
during real-time resin transfer molding. The electronically sensed resin arrival times
associated with resin arrival are listed in Table 9.2.1.
Table 9.2.1: Electronically Sensed Resin Arrival Times Obtained for a 2-D RTM Case
Consisting of a 5x5 Embedded Electronic Sensing Grid.
2 89 102 110 115 75
3 161 160 151 148 163
4 216 215 207 217 216
5 271 270 272 273 274
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The validation of these results was done with a video camera via recorded flow
visualization, as shown in Figure 9.2.2. According to these results, both the electronically
sensed and visually recorded flow fronts agreed well with one another.
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Figure 9.2.3: Electronically Sensed and Visually Recorded Flow Fronts For a 2-D RTM
Case Involving a 5x5 Embedded Electronic Sensing Grid.
Even though these results were acceptable, the visually observed flow profiles
were found to slightly advance ahead of the electronically sensed flow fronts. In this case,
the resin appeared to fully impregnate the preforms shortly after the flow advanced
through the mold. The sensors became activated when the resin fully impregnated the
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sensing gaps. Therefore. the electronically sensed profiles appeared to lag shortly behind
the visually recorded flow profIles. Higher profIle resolution can be obtained with finer 2-
D sensing grids.
In general. the orthogonal embedded electronic sensing system was again found to
effectively monitor resin flow progression during resin transfer molding in cases involving
an optimal set of sensing processing conditions. such as:
a) 0.001 m (0.040 in.) sensing gap length,
b) 1.00 cm (0.39 in.) by 1.00 cm (0.39 in.) uninsulated cross
sectional area for a 0.185*10-2 cm2 (0.0289* 10-2 in2 ) sensing gap
cross-sectional area,
c) 10-to-6 volumetric mixture ratio,
d) relatively slow flow rates, 0.192cm3 / sec (0. 012in3 / sec),
e) proper sensor alignment,
£) moderate humidity levels, (65%-75%).
g) zero angle degree mold inclination, and
h) low noise.
Other parametric conditions and/or electronic sensing schemes can be, however,
tested with this sensing technique. In general, this sensing technique was demonstrated to
have potential for the real-time monitoring of resin flow dynamics during molding
processes such as injection molding and resin transfer molding processes.
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CHAPTER 10
CONCLUSIONS AND FUTURE DIRECTIONS
The present study was part of an overall effort targeted at the development of
intelligent processing methodologies for improved manufacturing. During the study, a
real-time embedded electronic sensing subsystem based on DC circuitry was developed
for both one- and two-dimensional polymer molding processes. The system developed
was found to effectively monitor temporal flow front during molding processes, such as
resin transfer molding and relatively slow injection molding processes. Also, sensing at
multiple locations within mold cavities was achieved with single electronic signals in real-
time. The sensing methodology was made robust to anticipated resin electrical property
variations through a focus on qualitative signal temporal gradients rather than quantitativ~
signal amplitudes. This sensing technique was also found to monitor resin flow
progression in real-time when an optimal set of sensing processing conditions, such as grid
size, sensor gap length, sensor alignment, flow rate, and material conductivity were met.
The DC circuitry based embedded electronic sensor approach investigated during
the present study was chosen due to its relative simplicity and potential applicability to the
spatially distributed monitoring of mold filling processes. While the method was found to
work quite well for the process as studied, some interesting electrical behavior was found
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to result during experimentation. For example, time loading, space charge, and electrode
polarization effects, which produce capacitance build-up, were observed. For the most
part, these effects were not critical during sensing when optimum sensing parametric
conditions were met. The effects of capacitance, however, were more evident and critical
during sensing for situations involving finer sensing grids. In this case, more noise and
less significant signals were detected as the flow entered more sensing gaps. At this point,
the sensing output was poor, and thus unreliable. These effects are, however, less
pronounced in cases involving bigger sensing grid configurations which in turn involve
less noise and more significant voltage changes and voltage gradients. The electronic
sensing scheme, for this case, was found to perform better.
If the elimination of capacitance effects was desired, several approaches could be
undertaken. For instance, AC measurement methods could be implemented so as to
provide a way to continuously discharge the unwanted current during signal processing.
The final sensed flow output, however, would be similar to that obtained using the DC
method in terms of flow location. Another way of eliminating capacitance effects is to
bypass the electronic units used in this investigation. The bypassing of such units,
however, may result in more noise. A DC sensing circuit can also be designed so as to
provide a more linear voltage relationship, less capacitance build-up, and hence more
significant voltage changes and voltage gradients over time. This could be done through
the incorporation and use of a fixed resistance (Le., ~) to overpower the overall resin
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resistance and thus add more control, robustness, and flexibility to other systems dealing
with different materials, molding processes, and/or environmental conditions.
While this technique was being tested several issues arose regarding its
applicability to real life manufacturing processes. Among these issues, time response,
physical implementation and liquid melt properties deserve some discussion.
The time response associated with the sensing of flow into a single sensing cell
region was found to be a small fraction of a second. While this is quite fast, there are still
questions as to whether or not this technique could be improved and suited for fast
injection molding processes. The use of this technique is more suitable for resin transfer
molding cases since this process occurs at slower flow rates. Significant improvements to
the technique are likely to be required before fast injection molding processes could be
monitored.
Physical implementation is an important issue for several reasons. First of all, the
current sensing methodology requires that electrically conductive wires come in direct
contact with the resin that is to become the final product. This can only be accomplished if
sensor wires are embedded in mold walls or, for the case of resin transfer molding
processes, embedded into reinforcement preforms. Regardless of the sensor placement
technique utilized, it appears inevitable that additional costs associated with sensor
implementation would result. It is worth noting that non-conductive fibrous reinforcement
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prefonns with embedded, aligned, and regularly spaced conductive filaments are
commercially available today. A second physical implementation issue relates to the
conductivity of other components that may come in contact with the sensing grid such as
metal mold walls and graphite reinforcement prefonns. To successfully apply the present
approach, care would have to be taken to assure that no undesirable electrical effects are
introduced into the sensor circuitry as a result of these components. For resin transfer
molding processes involving non-eonduetive glass or aramid reinforcement prefonns this
may not be difficult, even in cases involving conductive molds.
Lastly, the electrical properties of the material being molded are important for
good quality sensing. In general, thennosets are preferable for this technique because of
their relatively low resistivity properties compared to thermoplastics. The fluid resistivity
of other materials such as thennoplastics, however, can always be decreased with the aid
of conductive additive agents. The higher the resistivity, the less significant voltage
changes are generated at a sensing location upon resin arrival. On the other hand, the
lower the resistivity, the more linear and unifonn the voltage changes are.
In light of the above issues, this sensing approach can be further improved through
the use of more generalized electronic sensing signal processing software to monitor
spatial and temporal material rheological conditions as well as resin front progression in
real-time. In general. the embedded electronic flow sensor technique investigated during
the present study was found to be applicable for the monitoring of resin flow during
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molding processes. The technique at present is limited to relatively slow molding
processes, such as slow injection molding and resin transfer molding.
In the case of injection molding, the sensing system monitored multiple flow fronts
advancing uniformly through a one- and two-dimensional mold cavity at relatively slow
flow rates. The sensing output was improved for cases involving coarser grids coated
with a conductive ftlm (Le., a resin/curing agent mixture) prior to resin injection. In
addition, the electronic sensing system performance was enhanced at moderate room
humidity levels and low noise conditions. The effects of capacitance, spatial charge, and
polarization did not appear to significantly affect the monitoring of resin flow during real-
time injection molding cases involving coarser sensing grids. More noise and less
significant voltage signals were, however, detected when finer sensing grids were used.
Also, the effects of capacitance, grounding, time loading, spatial charge, and polarization
were more evident and critical for cases involving fmer sensing grids for sensing purposes.
For such cases, the sensing scheme failed to successfully and reliably monitor resin flow
progression most of the time. The electronic sensing scheme was not designed to
accommodate unpredictable electrical phenomena. Therefore, failure was expected for
extreme cases. Under these conditions, the magnitude of voltage change and voltage
gradient becomes less significant as the flow enters more sensing gaps, and thus
unacceptable for sensing purposes.
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In the case of resin transfer molding, the sensing system was found to effectively
monitor flow progression for one- and two-dimensional cases in real-time. A sensing
parametric study was conducted using a one-dimensional RTM case to determine the
optimum set of processing conditions for which the sensing subsystem performance was
best. This parametric study included the evaluation of the sensing response obtained with
varying: 1) grid size, 2) sensor gap length, 3) flow rate, and 4) resin conductivity and
viscosity. Based on the results obtained during this study it was concluded that the
sensing subsystem performance was optimized with decreasing: i) sensor gap length, ii)
sensor cross-sectional area, and iii) flow rates. Larger grid sizes and moderate resin
conductivity and viscosity levels, as well as proper sensor alignment, were also found to
significantly improve the overall sensing subsystem performance. Noisy situations were
generally induced with: i) increasing sensor gap length, ii) increasing grid size, iii)
increasing resin conductivity, iv) decreasing resin viscosity, and v) improper sensor
alignment. Following the one-dimensional parametric study, a two-dimensional RTM test
was performed to evaluate the sensing technique. This sensing methodology was again
found to effectively monitor the progression of multiple flow fronts in real-time.
Overall, the present method proved to be promising. Alternative sensing
techniques that have been and should continue to be investigated include AC electronic
based embedded sensor approaches such as the previously mentioned FDEMS technique,
embedded fiber optic approaches, and non-embedded infrared and x-ray wave propagation
techniques.
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Parallel to the sensing subsystem development discussed in this report, a neural
network based real-time process controller has been developed by Demirci and Coulter)
(l994a, 1994b, 1994c, 1994d, 1994e). The process kno\rledge incorporated into the
.I
controller was obtained from a first principles based molding process model rather than
molding experimentation. Current efforts are underway to integrate this sensing scheme
'>.
and neural network based process controller and thus realize a full intelligent molding
capability.
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